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Summary Deception Island is a volcanic island with a flooded caldera that has a complex geological setting in Brans-
field Strait, Antarctica. We use P-wave arrivals recorded on land and seafloor seismometers from airgun shots within 
the caldera and around the island to invert for the P-wave velocity structure along two orthogonal profiles.  The results 
reveal a low-velocity anomaly beneath the caldera with a maximum anomaly of ~-1 km/s extending from the seafloor to 
~5 km depth.  Refracted arrivals suggest a  >1-km-thick layer of sediments and unconsolidated lavas infilling the calde-
ra.   Synthetic inversions show that this layer accounts for only a small portion of the velocity anomaly, implying that 
there is a significant region of low velocities at greater depths. Further synthetic inversions and melt fraction calcula-
tions suggest that the caldera is underlain by an extensive region of magma that extends downwards from <2 km be-
neath the seafloor.  
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Introduction  

Deception Island is an active strato-volcano at the south-west end of Bransfield Strait, a backarc basin that devel-
oped between the South Shetland Islands and the Antarctic Peninsula (Figure 1a). The South Shetland island arc formed 
as the result of the subduction of the Phoenix plate beneath the Antarctic plate.  The rate of subduction decreased dra-
matically at about ~4 Ma (Barker, 1982) and continues today, if at all, only very slowly (Robertson et al., 2002). The 
Bransfield Strait backarc basin is still undergoing extension (Barker, 1982) and is characterized by a series of asymme-
tric basins with well-delineated volcanic rifts.  Deception Island forms the boundary between the Central and Western 
Bransfield Basins and its footprint extends from the axis of back arc extension to the northeastern boundary of the basin. 

The emerged top of the volcano is a small horseshoe shaped island with a diameter of  ~15 km that encircles a 
flooded caldera measuring 5-9 km across with a narrow opening to the sea. The volcano has erupted several times his-
torically, most recently in a series of small eruptions in 1967-1970 (Smellie, 2001).  Its age is poorly constrained but 

 
Figure 1.  (a) Location of Deception Island and the seismic refraction profiles (blue lines) in Bransfield Strait. The boun-
daries of extension on either side of the Strait are delineated by the bathymetry. (b) Experiment design showing the lo-
cation of seismic stations and arrays on land (circles), ocean bottom seismometers  (squares), and airgun shots for the 
first round of shooting (dots). Larger symbols in corridors that are enclosed by dashed lines show the stations and shots 
used for two-dimensional inversions. 
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estimated from magnetic polarities to be <500 Ka (Smellie et al., 2002).  It has a mean composition of basaltic-andesite 
to basalt and enigmatic petrological characteristics that indicate both arc and backarc influences (Smellie et al., 2002).  

Deception Island’s caldera has traditionally been considered a classic volcanic collapse caldera (Baker et al., 1975), 
although extensive deposits from the caldera forming eruption have yet to be identified.  Motivated in part by the lack of 
evidence for the formative eruption, Marti et al.(1996) interpreted fault patterns around the caldera in terms of an alter-
native model in which the caldera formed as a passive response to regional extension in two directions.  More recently, 
Smellie et al. (2002) have cited petrological evidence to support a model in which extension promoted the mixing of 
two magma types and an explosive instability.  They estimate the size of the caldera forming eruption to be ~ 30 km3.   

Bransfield Strait and environs have been the have focus of many regional-scale seismic experiments that have 
sought to understand the structure of the backarc rift and the tectonics of the region (e.g., Barker et al., 1998; Christeson 

et al., 2003; Grad et al., 1997; Robertson et al., 2002).  However, on Deception Island itself, seismic experiments have 
been limited to shallow seismic reflection (Rey et al., 2002) and refraction (Grad et al., 1992) imaging of sediment lay-
ers in the caldera and to the deployment of small networks and arrays for monitoring earthquakes and emergent signals 
(e.g., Ibanez et al., 2003).  The only constraints on deeper structure have come from potential field (Muñoz-Martín et 
al., 2005) and geothermal observations (Ortiz et al., 1991) that have been used to infer the presence of shallow magma. 

Because the caldera of Deception Island is accessible to research ships, it is an ideal setting for a seismic tomogra-
phy experiment that combines airgun shooting in the caldera and around the island with a dense network of land stations 
and deployments of ocean bottom seismometers.  In this paper, we present two-dimensional tomographic images along 
two orthogonal profiles across Deception Island that are obtained from data collected during a three-dimensional seis-
mic tomography experiment.  The seismic data are used to assess the distribution of the melt beneath the island, image a 
regional fault that constrains the location of the volcano, and estimate the size of the caldera forming eruption. 

Seismic Experiment and Inversion Method 

The seismic data were collected using the R/V Hesperides in January 2005 as part of an international experiment led 
by the University of Granada, Spain.  The experiment was designed to obtain a high-resolution three-dimensional image 
of a volume extending up to ~20 km from the center of the caldera and down to at least ~3 km depth, and also included 
a 90-km-long NNW-SSE profile for deeper imaging of the crust beneath the island (Figure 1b).  For logistical reasons, 
two rounds of shooting were undertaken with different instrument locations but very similar shot configurations.  Data 
were recorded on three-component geophones at 26 land stations and by 9 compact arrays each of which comprised one 
3-component seismometer and between 8 and 20 vertical-component seismometers.  Land stations were not deployed 
uniformly (Figure 1b) due to glacier coverage and the difficult access to parts of the island.  Fourteen 1-Hz ocean bot-
tom seismometers (OBS) from the US OBS Instrument Pool were deployed at different locations for each round of 
shooting at sites within the caldera and around the island.  Because of a software problem, data were only obtained from 
only 14 seafloor sites (Figure 1b).  

For shooting we used an array of six airguns with a total volume of 57 liters.  In the caldera, shots were fired at a 
spacing of 120 m on a 0.5 km grid.  Outside the caldera shots were fired at a spacing of 170-340 m on three circumfe-
rential lines at distances of 10, 15, and 20 km from the center of island and on eight radial lines each of which extended 
at least 25 km from the center of the island.  Two of the radial lines were extended to create the 90-km-long refraction 
profile.  In this paper, we present the results of two-dimensional inversions along the 90 km refraction profile which is 
oriented NNW-SSE and along a 55-km-long profile oriented WSW-ENE (Figure 1b).  Each inversion includes stations 
and shots within a 4- to 5-km-wide corridor.  Three-dimensional inversions for shallow volcano structure are the subject 
of a separate study (Zandomeneghi et al., 2005).  

With the exception of a few intervals when background noise levels increase substantially for unknown reasons, the 
signal to noise ratio at shorter ranges is high and first arrivals can be picked directly.  At ranges exceeding ~30 km, the 
signal to noise ratio is often low and the first arrivals emergent.  This is particularly so for paths that pass beneath the 
island.  To pick arrivals with low signal to noise ratios, we implemented a cross-correlation technique to align groups of 
adjacent arrivals and made the pick from a stack of aligned arrivals.  For all travel time data, we assigned nominal pick 
uncertainties of 0.01, 0.02, 0.04 or 0.08 s, depending on a qualitative assessment of the pick quality.  For the NNW-SSE 
profile the data set comprises 2793 arrival time picks from 627 shots and 16 stations.  For the WSW-ENS profile, there 
are 1325 arrivals for 280 shots and 11 stations.  

We used the marine tomography algorithm of Toomey et al. (1994) which incorporates accurate corrections for the 
water path that are based on bathymetry, and implements separate grids for the forward ray tracing problem and for the 
inversion.  Both grids are hung from the bathymetry and topography and all of our results are referenced to this surface.  
For this study, we traced rays through a three-dimensional grid with a spacing of 200m.  For the inverse problem a two-
dimensional perturbation grid was used with spacing of 500m.  We initially used a one-dimensional starting velocity 
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model based on Christeson et al. (2003), but in subsequent inversions, including those presented in this paper, we used a 
one-dimensional starting model that is a horizontal average of the tomography result away from the island. 

Results 

We performed tomographic inversions along each profile with a variety of smoothing and damping weights.  The 
images presented here are our preferred models, although we note that the primary features in the images are insensitive 
to the choice of inversion parameters and starting models, and to the exclusion of shots lying near the edges of the pro-
file corridors.  Along the NNW-SSE profile, the ray coverage extends down to ~9 km with a high density of crossing 
rays beneath the volcano down to over 4 km depth (Figure 2b). The root mean squared (RMS) travel time residual for 
the inversion is 57 ms. Five primary features are visible in the image (Figure 2c). There is a low velocity anomaly be-
neath much of the caldera with a maximum magnitude of -0.7 km/s at a depth of 3.5 km, that is truncated to either side 
by high-velocity anomalies.  To the north, the high velocity anomaly extends over 20 km to the end of the profile.  To 
the south, the high velocity is narrow and partially underlies the southern margin of the caldera.  South of Deception 
Island there is a 30- to 40-km-wide region with generally small negative velocity anomalies. This transitions abruptly to 
high velocities near the southern end of the profile. 

Along the ENE-WSW profile, the ray coverage extends down to ~6 km depth but there are very few crossing rays at 
depths exceeding 3-4 km. The RMS residual of this inversion is 40 ms.  The low velocity anomaly beneath the caldera 
has a maximum amplitude of -1 km/s at 2.6 km depth and is bounded on either side by narrow high-velocity anomalies 
that are not as pronounced as in the NNW-ENE profile.  The volcano flanks are underlain by negative anomalies. 

We used checkerboard tests to assess the resolution of our models.  For each profile, we forward modeled the travel 
times for the same source-receiver configuration as the data, through models comprising alternating blocks of low and 
high velocity anomalies.  These travel time data were then inverted using the tomography algorithm to see what features 
were retained.  The results show that beneath the volcano 2-km-wide features are generally well resolved in the upper 2 
km with even higher horizontal resolution in the upper 1 km of the caldera.   Features that are 5 km wide are well re-

solved down to 4 km depth but at larger 
depths the paucity of crossing rays substan-
tially limits resolution. 

Discussion 

The high gradient between the low ve-
locity anomaly beneath the caldera and the 
high velocity anomaly to the north of the 
island coincides with a regional normal fault 
(Rey et al., 2002) that marks the northern 
border of extension in Bransfield Strait and 
coincides with the steep bathymetry gradients 
visible to the ENE of Deception Island Fig-
ure 1a.  When extrapolated across Deception 
Island this fault coincides with the northwes-
tern margin of the caldera and with the line 
of 1967 and 1970 eruption centers near Tele-
fon Bay (Ibanez et al., 2003).  The fault plane 
may provide a deep conduit for magma to 
migrate to the volcano and may play a role in 
constraining its location, although other vol-
canic centers in the Central Bransfield Basin 
are not located along the north bounding fault 

(Gràcia et al., 1997).  On the basis of the analysis of magnetic and gravimetric data, Muñoz-Martín et al, (2005) argue 
that this fault marks the boundary between continental crust to the north of Deception Island and more basic crust to the 
south.  However, at the depth of imaging for our model (< ~5 km), the north to south decrease in velocity across this 
boundary imaged by our study and previous investigations (Christeson et al., 2003; Grad et al., 1992), presumably re-
flects a transition from undeformed continental crust to the north to extended crust to the south that is overlain by sedi-
ments and volcanics. 

The narrow high velocity anomaly observed beneath the southern margin of the caldera in the NNE-SSW profile is 
not clearly related to any surface feature.  It is well imaged at shallower depths but its elongation along the predominant 
ray path direction suggesting that its base is not well resolved.   One possible interpretation is that it is a cooled magmat-
ic intrusion that penetrates to shallow depths.  

 
Figure 2. Results of tomographic inversions along the NNW-SSE pro-
file showing (a) the bathymetry along the profile (b) the velocity per-
turbations overlain by the ray paths and (c) the velocity perturbations. 
The vertical exaggeration in (b) and (c) is 1.8 and the contour interval is 
0.1 km/s.  
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The wide region of low velocity anomalies south of the island is presumably a region where sediments and volcanic 
sequences have accumulated in the extensional basin. The high velocity anomaly at the southern end of the NNW-SSE 
profile is somewhat puzzling since it lies to the north of the southern margin of the basin (this is clearly apparent in the 
bathymetry of the profile shown in Figure 2a).  Barker and Austin (1998) found evidences for magmatic intrusions near 
the southern margin of the basin and such an explanation would be consistent with high seismic velocities. 

In order to understand the origin of the low velocity anomaly beneath the caldera, we first sought to assess the con-
tribution from shallow sediments and unconsolidated volcanics.  We analyzed refraction record sections within the cal-
dera after correcting the travel times and shot locations to the ray entry point on the seafloor.  The refracted arrivals are 
fit well by a flat layer model in which a 1.2-km-thick sediment layer with an average velocity of 2.1 km/s overlies a 
basement layer with a velocity of ~4 km/s. These results are very consistent with the earlier study of Grad et al. (1992).  
We conducted synthetic inversions in which the sediment layer in the caldera region was superimposed on a one-
dimensional starting model.  The results show that only a small proportion of the observed low-velocity anomaly is the 
result of this layer.  

We next explored the hypothesis that the sediment layer is underlain by a shallow magma chamber by systematically 
exploring synthetic models which include both the caldera sediments and an underlying magma chamber of varying 
dimensions and anomaly size.  Figure 3 shows one example of a synthetic test for the NNW-SSE profile that reproduces 
the basic characteristics of the observed anomaly reasonably well.  The synthetic model includes a 4.8-km-wide magma 
chamber that extends downwards from a depth of 1.4 km, has a constant velocity anomaly of -1.2 km/s in its upper 1 
km, and an anomaly that decreases downwards linearly to zero over 8 km. Based on such tests we infer that the top of 

the magma chamber is at <2 km depth, and 
that its width is between 3-5 km along the 
NNW-SSE profile and 2-3 km along the ENE-
WSW profile.  The base of magma chamber is 
not well resolved but the synthetic inversions 
show that a significant velocity anomaly must 
extend to at least 4-5 km depth.  

The melt fraction in the magma chamber 
was estimated using a method described by 
Dunn et al. (2000).  For the NNW-SSE profile, 
the inversion of Figure 2 yields a maximum 
melt fraction of 4-14%.  However, it is clear 
from the synthetic tests, that the tomographic 
images underpredict the magnitude of the low 
velocity anomaly.   The starting model for the 
synthetic test of Figure 3, has an absolute ve-
locity of 2.6 km/s at the top of the magma that 
is consistent with a fully molten magma cham-
ber and the method of Dunn et al. (2000) sug-
gests that partial melt is present down to about 
4.5 km depth.  

We have used our constraints on the thick-
ness of the caldera sediment layer to estimate 
the maximum volume of a caldera forming 

eruption(s).  We approximate the caldera by an ellipse with radii of 4.5 km and 2.7 km and a thickness of 1.4 km (the 
thickness of the water and sediment layers) and assume that the emerged volcano had a conical shape prior to the erup-
tion and a maximum elevation above sea level of 750 m.  This yields a volume of ~60 km3 which is significantly larger 
than the previous estimate of 30 km3 (Smellie et al., 2002). 
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