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Airborne gravity reveals interior of Antarctic volcano
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Understanding Antarctic volcanoes is important as they provide a window on magmatic and tectonic processes of the Antarctic plate and contain datable records of ice-sheet changes. We present the results from the first detailed airborne radar and gravity surveys across James Ross Island, northern Antarctic Peninsula, which is dominated by Mt Haddington, an ice-covered Miocene-Recent alkaline stratovolcano.

The surveys provide new insights into the subsurface structure of the volcano and hence its development, which are unavailable from the surface geology alone. We show that Mt Haddington is associated with a significant negative Bouguer gravity anomaly (<-26 mGal), which suggests that there has not been significant pooling and solidification of a dense shallow-level mafic magma chamber during the growth of the volcano over at least the past 6 m.y., which is consistent with independent geochemical evidence. Simple flexural isostatic models cannot explain the localised negative Bouguer anomaly. 3D modelling techniques show that the negative anomaly is best explained by a shallow, low-density intra-crustal body with its top close to, or

Introduction

Airborne gravity is becoming an increasingly utilised tool for geophysical exploration because it allows cost-effective assessment of the crustal and lithospheric structure on scales of 10's to 100's of km. In remote and logistically challenging areas, such as the polar regions, airborne gravity is particularly useful, since ground-or ship-based gravity methods are often unfeasible [START_REF] Bell | Influence of subglacial geology on the onset of a West Antarctic ice stream from aerogeophysical observations[END_REF][START_REF] Bell | Airborne gravity and precise positioning for geologic applications[END_REF][START_REF] Childers | New gravity data in the Arctic. Ocean: Comparison of airborne and ERS gravity[END_REF].

Recent airborne gravity surveys over Antarctica have been applied to a broad range of geological studies including: investigation of the West Antarctic Rift System and associated sedimentary basins [START_REF] Bell | Influence of subglacial geology on the onset of a West Antarctic ice stream from aerogeophysical observations[END_REF][START_REF] Bell | Airborne gravity and precise positioning for geologic applications[END_REF][START_REF] Jones | Detecting rift basins in the Evans Ice Stream region of West Antarctica using airborne gravity data[END_REF]; assessment of the crustal architecture of the Transantarctic Mountains (Studinger, 2004); analysing continental break up and terrane accretion processes [START_REF] Ferraccioli | Subglacial imprints of early Gondwana break-up as identified from high resolution aerogeophysical data over western Dronning Maud Land, East Antarctica[END_REF][START_REF] Ferraccioli | New aerogeophysical view of the Antarctic Peninsula: More pieces, less puzzle[END_REF]; and imaging geological boundary conditions for A c c e p t e d M a n u s c r i p t 3 subglacial lakes [START_REF] Studinger | Ice cover, landscape setting, and geological framework of Lake Vostok, East Antarctica[END_REF]Studinger et al., 2004;[START_REF] Holt | Airborne gravity over Lake Vostok and adjacent highlands of East Antarctica[END_REF]. No airborne gravity study has so far addressed the crustal structure of individual Antarctic volcanoes, due to the relatively coarse spatial resolution of this geophysical technique (typically greater than 15 km). Antarctic volcanoes are, however, amongst the most significant geological features of the continent, since they provide unique insights into Cenozoic tectonics, ice sheet evolution and stability [START_REF] Blankenship | Active volcanism beneath the West Antarctic ice sheet and implications for ice-sheet stability[END_REF][START_REF] Behrendt | Aeromagnetic evidence for a volcanic caldera(?) complex beneath the divide of the West Antarctic Ice Sheet[END_REF][START_REF] Hambrey | Late Cenozoic glacier-volcano interaction on James Ross Island and adjacent areas, Antarctic Peninsula region[END_REF].

Our study presents the results from the first detailed aerogravity survey across James Ross Island, which is located to the east of northern Antarctic Peninsula (Figure 1). James Ross Island is dominated by a very large ice-covered Miocene-Recent alkaline centre known as the Mt Haddington stratovolcano [START_REF] Nelson | The James Ross Volcanic Group of north-east Graham Land[END_REF][START_REF] Smellie | Six million years of glacial history recorded in the James Ross Island Volcanic Group, Antarctic Peninsula[END_REF], and is therefore a suitable target for airborne gravity investigations.

Mt Haddington is the largest basaltic volcanic centre on the western margin of the Larsen (sedimentary) Basin, and it is one of the largest volcanoes in Antarctica [START_REF] Lemasurier | Volcanoes of the Antarctic Plate and Southern Oceans[END_REF]. Several volcanic centres were erupted along the length of the Antarctic Peninsula from late Miocene times (mainly < c. 7 Ma), in response to cessation of subduction along the Pacific margin [START_REF] Hole | The relationship between alkaline magmatism, lithospheric extension and slab window formation along continental destructive plate margins[END_REF][START_REF] Hole | Trench-proximal volcanism following ridge cresttrench collision along the Antarctic Peninsula[END_REF][START_REF] Hole | The relationship between alkaline magmatism, lithospheric extention and slab window formation along continental destructive plate margins[END_REF]. However, unlike all the other centres in the region, Mt Haddington has probably been intermittently active for much of the last 10 m.y. [START_REF] Smellie | Six million years of glacial history recorded in the James Ross Island Volcanic Group, Antarctic Peninsula[END_REF]). The regional crustal structure has been constrained using seismic refraction data [START_REF] Barker | Backarc basin evolution and cordilleran orogenesis: Insights from new ocean-bottom seismograph refraction profiling in Bransfield Strait, Antarctica[END_REF][START_REF] Janik | Moho Depth along the Antarctic Peninsula and Crustal Structure across the Landward Projection of the Hero Fracture Zone[END_REF]. However these studies have generally focused on active rifting within Bransfield Strait, while the crustal structure beneath James Ross Island remains much less well known.

A c c e p t e d M a n u s c r i p t 4 Previous aerogeophysical studies have defined the regional setting (LaBrecque and [START_REF] Labrecque | Bathymetry, depth to magnetic basement, and sediment thickness estimates from aerogeophysical data over the western Weddell Basin[END_REF] and local seismic investigations have provided estimates of the thickness of Jurassic to Cretaceous sedimentary infill in the Larsen Basin [START_REF] Del Valle | Estudio sísmico en la isla James Ross[END_REF]. However, the upper crustal structure beneath the volcanic edifice itself is undescribed. Numerous questions remain about the structure of the volcano interior and, in particular, about the presence or absence of a crustal magma chamber. In this paper we present for the first time our data and interpretations from a collaborative British Antarctic Survey-Instituto Antártico Argentino aerogeophysical survey over James Ross Island. The airborne gravity data and models provide the first geophysical images of the interior of James Ross Island. In particular we reveal the presence of a low-density, shallow-level body beneath Mt Haddington, which we interpret as a volcanic pile dominated by low-density hyaloclastite breccia that has subsided deeply into the underlying Jurassic-Cretaceous sediments of the Larsen Basin.

Geological and geophysical setting

James Ross Island lies within the back-arc Larsen Basin [START_REF] Elliot | Tectonic setting and evolution of the James Ross Basin, northern Antarctic Peninsula[END_REF] to the east of the Antarctic Peninsula (Figure 1), which has been the site of ocean-continent convergence since Mesozoic times [START_REF] Barker | The Cenozoic subduction history of the Pacific margin of the Antarctic Peninsula: Ridge crest-trench interactions[END_REF][START_REF] Larter | Effects of ridge crest-trench interaction on Antarctic-Phoenix spreading: Forces on a young subducting plate[END_REF][START_REF] Mccarron | Late Cretaceous to early Tertiary subduction history of the Antarctic Peninsula[END_REF]. Today, subduction only continues at the northern tip of the Antarctic Peninsula at the South Shetland Trench, at a very low rate probably equal to the rate of opening of the Bransfield Strait rift zone [START_REF] Larter | Effects of ridge crest-trench interaction on Antarctic-Phoenix spreading: Forces on a young subducting plate[END_REF][START_REF] Robertson | Seismicity and tectonics of the South Shetland Islands and Bransfield Strait from a regional broadband seismograph deployment[END_REF].
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The crustal thickness beneath the western margin of the Antarctic Peninsula has recently been estimated to be ~ 35 km thick using seismic refraction data [START_REF] Janik | Moho Depth along the Antarctic Peninsula and Crustal Structure across the Landward Projection of the Hero Fracture Zone[END_REF], although previous seismic studies suggested thicknesses of 20-22 km [START_REF] Barker | Backarc basin evolution and cordilleran orogenesis: Insights from new ocean-bottom seismograph refraction profiling in Bransfield Strait, Antarctica[END_REF]. Beneath the eastern Antarctic Peninsula there is less information on crustal thickness. However, several studies have been carried out to evaluate the shallow crustal structure of the region. Seismic reflection surveys conducted east of James Ross Island show thick layers of sediment draping the continental margin there [START_REF] Sloan | Seismic stratigraphy of the Larsen Basin, eastern Antarctic Peninsula[END_REF][START_REF] Strelin | Interpretación de secuencias sísmicas en la plataforma noroccidental del mar de Weddell (cuenca Larsen)[END_REF]. Regional airborne gravity and magnetic investigations suggest 5-6 km of sedimentary infill in the Larsen Basin (LaBrecque and Ghidella, 1997), consistent with seismic estimates [START_REF] Del Valle | Estudio sísmico en la isla James Ross[END_REF].

However, no previous geophysical survey has been able to provide a detailed view of the crustal structure beneath James Ross Island.

Outcrops on James Ross Island are limited to ice-free areas around the periphery of the island, and the central region, including Mt Haddington, is covered by a permanent ice cap. Volcanic rocks of the James Ross Island Volcanic Group (JRIVG)

were erupted from c. 10 Ma [START_REF] Smellie | Six million years of glacial history recorded in the James Ross Island Volcanic Group, Antarctic Peninsula[END_REF]. They unconformably overlie a Jurassic to late Cretaceous sedimentary succession [START_REF] Nelson | The James Ross Volcanic Group of north-east Graham Land[END_REF][START_REF] Elliot | Tectonic setting and evolution of the James Ross Basin, northern Antarctic Peninsula[END_REF], which forms the fill of an amagmatic back-arc basin (Larsen Basin). Most of the JRIVG formed since 6.2 Ma and at least 50 mainly effusive eruptions have been documented [START_REF] Smellie | Lithostratigraphy of Miocene-Recent, alkaline volcanic fields in the Antarctic Peninsula and eastern Ellsworth Land[END_REF][START_REF] Smellie | Six million years of glacial history recorded in the James Ross Island Volcanic Group, Antarctic Peninsula[END_REF]. The JRIVG is a large volcanic field dominated by the very large Mt Haddington stratovolcano, measuring 60-80 km in basal diameter and 1.6 km in summit elevation, together with numerous much smaller satellite centres [START_REF] Nelson | The James Ross Volcanic Group of north-east Graham Land[END_REF]Smellie et all, 2008). The volcanic rocks preserve an A c c e p t e d M a n u s c r i p t 6 extensive history of Neogene glacial and interglacial periods [START_REF] Smellie | The relative importance of supraglacial versus subglacial meltwater escape in basaltic subglacial tuya eruptions: an important unresolved conundrum[END_REF][START_REF] Hambrey | Late Cenozoic glacier-volcano interaction on James Ross Island and adjacent areas, Antarctic Peninsula region[END_REF][START_REF] Smellie | Six million years of glacial history recorded in the James Ross Island Volcanic Group, Antarctic Peninsula[END_REF]. Lavas in the group form a sodic alkaline series that is wholly basaltic (basalts-hawaiites) except for minor more evolved (mugearite) segregation veins in rare sills [START_REF] Nelson | The James Ross Volcanic Group of north-east Graham Land[END_REF][START_REF] Smellie | Geochemistory and tectonic setting of alkaline volcanic rocks in the Antarctic Peninsula: a review[END_REF][START_REF] Sykes | The petrology and tectonic significance of the James Ross Island Volcanic Group[END_REF]. The basalts closely resemble ocean island basalts [START_REF] Smellie | Geochemistory and tectonic setting of alkaline volcanic rocks in the Antarctic Peninsula: a review[END_REF][START_REF] Hole | The relationship between alkaline magmatism, lithospheric extension and slab window formation along continental destructive plate margins[END_REF] and the formation of the volcanic field has been explained as a consequence of mantle rising into a crustal "thin-spot" created during limited late Cretaceous-early Tertiary extension [START_REF] Hole | The relationship between alkaline magmatism, lithospheric extension and slab window formation along continental destructive plate margins[END_REF]. Such an origin contrasts with the origin of compositionally similar alkaline basalts in other late Miocene and younger outcrops in the Antarctic Peninsula, which formed following the cessation of subduction and development of slab windows [START_REF] Hole | The relationship between alkaline magmatism, lithospheric extension and slab window formation along continental destructive plate margins[END_REF][START_REF] Hole | The relationship between alkaline magmatism, lithospheric extention and slab window formation along continental destructive plate margins[END_REF].

Survey design and data processing

Airborne radar data were collected in 1997/98 as part of a collaborative British Antarctic Survey-Instituto Antártico Argentino survey over James Ross Island. Figure 2a shows the surface elevation data derived from our airborne radar and BEDMAP [START_REF] Lythe | BEDMAP -bed topography of the Antarctic[END_REF], whereas Figure 2b , 1967). The meter was mounted in a gyro-stabilised, shock mounted platform at the centre of mass of the aircraft to minimise the effect of vibrations and rotational motions [START_REF] Jordan | Linking the Wilkes Subglacial Basin, the Transantarctic Mountains, and the Ross Sea with a New Airborne Gravity Survey[END_REF]. GPS data were recorded with an Ashtech Z12 dual frequency receiver in the aircraft and at a fixed base station. Differential, carrier phase, kinematic GPS methods were then used to calculate all the navigational information used for the dynamic corrections of the aerogravity data [START_REF] Mader | Rapid static and kinematic global positioning system solutions using the ambiguity function technique[END_REF].

Standard processing steps were taken to convert the raw gravity data to free air anomalies [START_REF] Jones | Airborne gravity survey in southern Palmer Land, Antarctica[END_REF][START_REF] Jones | Detecting rift basins in the Evans Ice Stream region of West Antarctica using airborne gravity data[END_REF], including latitude, free air and Eotvos corrections [START_REF] Harlan | Eotvos corrections for airborne gravity[END_REF][START_REF] Woollard | The new gravity system -Changes in international gravity base values and anomaly values[END_REF]. The vertical accelerations of the aircraft, which dominate the gravity signal recorded by the meter, were calculated by double differencing GPS height measurements [START_REF] Jones | Airborne gravity survey in southern Palmer Land, Antarctica[END_REF]. In addition, a correction was made for gravimeter reading errors caused by the platform tilting when it was subjected to horizontal accelerations [START_REF] Swain | Horizontal acceleration corrections in airborne gravimetry[END_REF]. After making the above corrections, the data were low pass filtered for wavelengths less than 9 km to remove short wavelength noise from the geological signal. The data were continued to a common altitude of 2050 m [START_REF] Blakely | Potential Theory in Gravity and Magnetic Applications[END_REF] and levelled [START_REF] Bell | Airborne gravity and precise positioning for geologic applications[END_REF]. Cross-over analysis at 118 intersections yielded a standard deviation of 2.9 mGal, which is within the 1-5 mGal error range typically reported for airborne gravity surveys after levelling [START_REF] Bell | Airborne gravity and precise positioning for geologic applications[END_REF][START_REF] Jones | Detecting rift basins in the Evans Ice Stream region of West Antarctica using airborne gravity data[END_REF][START_REF] Ferraccioli | Subglacial imprints of early Gondwana break-up as identified from high resolution aerogeophysical data over western Dronning Maud Land, East Antarctica[END_REF][START_REF] Ferraccioli | New aerogeophysical view of the Antarctic Peninsula: More pieces, less puzzle[END_REF][START_REF] Holt | Airborne gravity over Lake Vostok and adjacent highlands of East Antarctica[END_REF]. Comparison between airborne measurements and previous land-based gravity data [START_REF] Garrett | Interpretation of reconnaissance gravity and aeromagnetic surveys of the Antarctic Peninsula[END_REF], yielded an RMS A c c e p t e d M a n u s c r i p t 8 difference of ~4.5 mGal, which is within the 2 sigma range for airborne gravity data accuracy.

New Bouguer anomaly map

A Bouguer gravity correction was applied to the free air anomaly data (Figure 2c) to remove the gravity effect of the topography, allowing analysis of subsurface density structures in the region. The Bouguer correction was based on a digital elevation model (DEM) derived from a 1:100,000 topographical map of James Ross Island [START_REF] Bas | James Ross Island[END_REF] and BEDMAP data [START_REF] Lythe | BEDMAP -bed topography of the Antarctic[END_REF]. Ice thickness data were also derived from BEDMAP, which incorporates the results of our 1997/1998 airborne radar survey (Figure 2a andb). The Bouguer correction for terrain effects was calculated for a flight elevation of 2050 m, to least squares accuracy, using a Gauss-Legendre quadrature (GLQ) integration method [START_REF] Von Frese | Spherical earth gravity and magnetic anomaly modeling by Gauss-Legendre quadrature integration[END_REF][START_REF] Von Frese | Modelling magnetic and gravity effects of the Transantarctic Mountains[END_REF]. For this correction we assumed ice and water densities of 915 kgm - 3 and 1028 kgm -1 , respectively. The rock density was varied, as the bulk of the volcanic edifice is known to consist of lower density rocks than the standard value of 2670 kgm -3 (Table 1).

The Bouguer gravity anomaly (Figure 2d), based on a correction density of 2670 kgm - 3 , has a mean value of ~54 mGal with values ranging from 8 mGal, beneath Mt Haddington, to > 50 mGal in the surrounding area. The positive background field appears in long wavelength (>~500 km) satellite-derived gravity models such as EGM-96 [START_REF] Lemoine | The development of the joint NASA/GSFC and the National Imagery and Mapping Agency (NIMA) geopotential models[END_REF]. To enhance signatures arising from local density variations the long wavelength satellite-derived field was subtracted from the Bouguer anomaly, leaving a residual Bouguer anomaly with a mean value of 3.4 mGal. All the To assess the effect of the rock correction density on the recovered Bouguer gravity anomaly a variety of densities were considered ranging from 2670 kgm -3 to 2270 kgm - 3 , and are shown in Figure 3a. The minimum Bouguer anomaly calculated using a standard rock density of 2670 kgm -3 is ~-44 mGal along profile A-A' (Fig. 2d). As the correction density was decreased the negative anomaly associated with James Ross Island is reduced to ~-26 mGal, for the minimum correction density of 2270 kgm -3 .

To constrain the correction density we considered the lithologies that make up Mt

Haddington. The typical volcanic succession is made up of lava-fed deltas 200 to 600 m thick [START_REF] Skilling | Basaltic pahoehoe lava-fed deltas: large-scale characteristics, clast generation, emplacement processes and environmental discrimination[END_REF][START_REF] Smellie | The relative importance of supraglacial versus subglacial meltwater escape in basaltic subglacial tuya eruptions: an important unresolved conundrum[END_REF][START_REF] Smellie | Six million years of glacial history recorded in the James Ross Island Volcanic Group, Antarctic Peninsula[END_REF]. These are dominated by hyaloclastite breccias, that make up ~60-75% of the thickness of each delta, and are typically capped by subaerial lava flows. Although tuff cones are also present in the JRIVG, they are uncommon and of limited lateral extent except for that forming Terrapin Hill, on the north side of the island. Average density observations and proportions of the various lithologies are shown in Table 1. Consideration of the densities and proportions of the different lithologies suggests that the bulk mean density of the Mt Haddington volcanic edifice is ~2470 kgm -3 and this value was adopted to calculate the Bouguer anomaly.

The dominant feature of the Bouguer gravity anomaly in Figure 2d is a prominent negative anomaly centred over Mt Haddington. The anomaly is also co-located with a

A c c e p t e d M a n u s c r i p t 10 series of particularly high-amplitude aeromagnetic anomalies, which must relate to volcanic rocks currently obscured by the Mt Haddington ice cap (grey regions in Figure 2d). The first question we address in the following sections is whether the Bouguer gravity low over the island may be related to simple isostatic compensation of the volcano edifice.

Isostatic compensation

At long wavelengths, topographic loads on the lithosphere are supported at depth by a low-density crustal root (Figure 4a), in a similar manner to a floating iceberg [START_REF] Watts | Isostasy and Flexure of the lithosphere[END_REF]. This compensation deflects the Moho leading to generally negative Bouguer gravity anomalies beneath mountain ranges and positive Bouguer anomalies across continent-ocean transitions and in offshore regions [START_REF] Watts | Gravity anomalies and segmentation of the continental margin offshore Gabon, West Africa[END_REF]. For the Airy isostatic model we assumed densities of 1028 kgm -3 , 2800 kgm -3 , and 3330 kgm -3 for water, crust and mantle, respectively. The gravity anomaly resulting from the Airy isostatic model was calculated using the Gauss-Legendre quadrature (GLQ) method [START_REF] Von Frese | Spherical earth gravity and magnetic anomaly modeling by Gauss-Legendre quadrature integration[END_REF], assuming an observation altitude of 2050 m. The crustal thickness for topography at sea level (Ti in Figure 4a) is an important additional assumption when calculating the isostatic anomaly. However, it is not well known for James Ross Island. For this investigation, we considered two values of 22 and 35 km for initial crustal thicknesses, to show the impact of the reference Moho depth.

Figure 3a shows the positive gradient of the Bouguer gravity anomaly in the east of the region matches that predicted from Airy isostatic compensation close to the However, both values of initial crustal thickness give a good fit to the regional gradient.

Previous authors, such as [START_REF] Watts | Isostasy and Flexure of the lithosphere[END_REF], have shown that topographic loads may be supported, in part, by the elastic rigidity of the lithosphere. This leads to less deflection beneath the load, and the development of a flexural moat, beyond the load edge, as shown in Figure 4b. The extent of elastic support of a topographic load can be assessed based on comparison of calculated gravity anomalies, derived from simple elastic models, with the observed Bouguer anomaly. The technique recovers the equivalent elastic thickness (T e ) that best represents the integrated strength of the lithosphere. In the case of the flexural isostatic models considered in this study the gravity effect of both the deflection of the Moho, and the development of a flexural depression filled with lower density infill were considered (Figure 4b).

A series of flexural models were constructed to assess the style of crustal compensation of the volcanic load on James Ross Island. These models used the GMT (Generic Mapping Tool) routine grdfft [START_REF] Wessel | Free software helps map and display data[END_REF] [START_REF] Nelson | The James Ross Volcanic Group of north-east Graham Land[END_REF]. The effect of the Mt Haddington ice cap was included in the calculation by converting the ice thickness into 'equivalent rock thickness' by correcting for ice density. Load and infill densities used in the flexural model were 2470 kgm -3 , mantle density was assumed to be 3330 kgm -3 , and the load was assumed to be displacing air.

The gravity anomalies derived from the flexural models were calculated using the GLQ method [START_REF] Von Frese | Spherical earth gravity and magnetic anomaly modeling by Gauss-Legendre quadrature integration[END_REF]. The gravity model assumed the existence of two interfaces, the first between the sedimentary infill and the crust, and the second at the Moho. The Moho reference depth was assumed to be 22 km. However, the Moho reference depth has little impact on the calculated gravity anomaly pattern as most of the signal is derived from the low-density infill in the flexural depression. For the gravity calculation, the same densities were used as in the flexural model, and a crustal density of 2800 kgm -3 was assumed. The model observation elevation was 2050 m, coincident with the upward continued flight level.

Results of the isostatic model

The driving load and flexural surfaces calculated for various T e values are shown in strata, or the overlying volcanic strata, towards the centre of the island [START_REF] Nelson | The James Ross Volcanic Group of north-east Graham Land[END_REF].

The gravity anomaly calculated from an Airy isostatic model (i.e. T e = 0 km), including the effect of the low-density infill (Figure 3c), overestimates the amplitude and wavelength of the negative gravity anomaly, relative to the observed Bouguer anomaly. Higher T e values give a closer match to the amplitude of the observed negative anomaly. The wavelength of the calculated anomaly, however, significantly exceeds that observed, which is localised beneath Mt Haddington. For T e values >16 km the calculated anomaly is ~-7 mGal beneath the centre of the island and is very broad.

The results of our flexural modelling studies around James Ross Island suggest that no isostatic model provides a good match with either the gravity or the geological observations. The observed gravity low over James Ross Island is therefore related to an intracrustal low-density body, which is further investigated with 3D inversion techniques.

3D inversion

Inversion with no a-priori assumptions

The inversion program GRAV3D from the University of British Columbia (GRAV3D, 2006) was applied to constrain the crustal structure of James Ross Island (Figure 5). This technique minimises an objective function of the density model, constrained so that the misfit between the calculated and observed anomaly is within the expected error bounds [START_REF] Li | 3-D inversion of gravity data[END_REF]. The objective function defines The results of the GRAV3D inversion suggest the presence of a low-density body centred at a depth of 3-5 km beneath James Ross Island (Figure 5). The region of rock with an apparent density <-30 kgm -3 below the background is approximately 15 km across and 15 km thick (Figure 5b). However, the core of this low density region, with an apparent density <-100 kgm -3 below the background, is between 0.5 and 9.5 km depth (Figure 5c,d). The predicted gravity structure based on this inversion technique has a similar pattern to the observed Bouguer anomaly. However, the amplitude of the negative anomaly predicted by the 3D inversion underestimates the observed anomaly by ~15 mGal. This is likely due to the default objective function used in GRAV3D, which prevents the introduction of abrupt density changes associated with the Mt Haddington volcano edifice. However, geologically such variability is likely to occur.

Constrained inversion

An alternative to applying an inversion with no a-priori constraints is to make assumptions about the low-density body. In the present example, such assumptions Our first model considered the top of the body to be at zero metres elevation and the low-density body was assumed to be displacing upper crustal rocks with an apparent density of 2670 kgm -3 . We refer to this model as the "caldera-like" model. The apparent density for the caldera-like body was assumed to be ~2370 kgm -3 . This is lower than the mean density assumed for the volcanic edifice itself (Table 1).

However, using a body density of 2470 kgm -3 would result in an unrealistic calderalike body-thickness of over 12 km. There is some geological evidence for a somewhat lower density volcanic pile: Because subglacial eruptions on Mt Haddington would have typically commenced with construction of a subaqueous tuff cone (cf. Smellie, 2000), multiple eruptions in the summit region would have produced a relatively deep core of lower density hyalotuff (Table 1), thus reducing the overall density of the edifice.

In the second model the top of the source body was placed at depth. We refer to this model as the "magma chamber" model. In this model magma was assumed to 'pond'

within the crust at the level of neutral buoyancy [START_REF] Walker | Gravitational (density) controls on volcanism, magma chambers and intrusions[END_REF]), which we assumed was at the base of the sedimentary sequence. For the gravity calculations the density of the magma was assumed to be 2670 kgm -3 , which is at the lower end of the range suggested for basaltic magma [START_REF] Walker | Gravitational (density) controls on volcanism, magma chambers and intrusions[END_REF][START_REF] Dufek | Lower Crustal Magma Genesis and Preservation: a Stochastic Framework for the Evaluation of Basalt-Crust Interaction[END_REF]. The overlying sediment was assumed to have a density of 2670 kmg -3 . The magma chamber was modelled as intruding basement rock with a density of 2800 kgm -3 .

Aeromagnetic and seismic estimates yield a thickness of 5-6 km of Jurassic and LaBrecque and Ghidella, 1997). The top of the "magma chamber" body was therefore placed at 5 km depth.

To estimate the size of the low-density body beneath James Ross Island the negative component of the Bouguer anomaly was considered. The initial body size (t) was derived from the simple Bouguer slab formula, g obs =2Gt, where g obs is the observed gravity anomaly, G is the universal gravitation constant and  is the density contrast between the body and the background. The gravity anomaly resulting from the initial body was calculated using the GLQ method [START_REF] Von Frese | Spherical earth gravity and magnetic anomaly modeling by Gauss-Legendre quadrature integration[END_REF].

The residual between the calculated anomaly and negative Bouguer anomaly was then used to adjust the body size. This process was continued until the change in the calculated gravity anomaly after each iteration was less than 2.9 mGal (the r.m.s.

measurement error).

Figures 6a andb show that the "caldera model" can provide a reasonable fit to the observed gravity data if the body is 6.5 km thick. The simple "magma chamber" model with its top at 5 km depth (Figures 6 c andd) cannot account for the observed anomaly, as the wavelength of the calculated anomaly is significantly broader (~40 km) than the ~20 km wide observed anomaly. In addition, the thickness of the magma chamber would have to approach the assumed crustal thickness in the region, making the model geologically unrealistic. A shallow caldera-like body is therefore our preferred model for the causative body. However, the observed anomaly may result from a combination of shallow and deep sources. This ambiguity problem cannot be resolved solely from airborne gravity data modelling.
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Discussion

Isostatic compensation and the structure of James Ross Island

Airy isostatic models, which account for the crustal thickening beneath the Antarctic Peninsula and thinning across the continental margin, fit the regional trend observed in the Bouguer gravity data (Fig 3a). However, those Airy isostatic models do not match the magnitude of the localised negative Bouguer anomaly observed over Mt

Haddington in the centre of James Ross Island.

Flexural isostatic models for the response to localised volcanic loading on James Ross Island (Figure 3b) were also assessed. These models included the gravity effect of low-density material infilling the flexural depression. The flexural isostatic models do not provide a calculated gravity anomaly (Figure 3c) that matches the observed data, as the width of the calculated anomaly is significantly broader than observed. In addition, the expected flexural deflection of 8.5 to 1.5 at the margins of the island is not consistent with the observed dip in outcrops of Cretaceous sediments that underlie the volcanic rocks on the island. If flexure had played a significant part in the evolution of the island then a flexural moat filled with sediments of the same age as the volcano would be expected, as seen for example around the Mt. Erebus volcano, Ross Island, which seismic evidence suggests is surrounded by inward-dipping sediments [START_REF] Stern | Lithospheric flexure induced by the load of the Ross Archipelago, southern Victoria land, Antarctica[END_REF][START_REF] Horgana | Seismic stratigraphy of the Plio-Pleistocene Ross Island flexural moat-fill: a prognosis for ANDRILL Program drilling beneath McMurdo-Ross Ice Shelf[END_REF]. In contrast, onshore outcrops and offshore seismic data for the James Ross Island region reveal essentially easterlyyounging strata dipping homoclinally at c. 10° [START_REF] Whitham | Syn-depositional deformation in a Cretaceous succession, James Ross Island, Antarctica. Evidence from vitrinite reflectivity[END_REF][START_REF] Sloan | Seismic stratigraphy of the Larsen Basin, eastern Antarctic Peninsula[END_REF].

However, the lack of young sediments in a flanking moat might be explained if recent regional uplift and glacial erosion have stripped off those sediments.

A c c e p t e d M a n u s c r i p t 18

Origin of the low-density body

Simple elastic flexural isostatic models do not account for the observed localised negative Bouguer gravity anomaly over Mt Haddington. A low-density intra-crustal body must therefore be present beneath the island, which we investigated using 3D inversion techniques (section 5). The geological explanation for a low-density body beneath the dominantly basaltic Mt Haddington volcano is not obvious. Felsic volcanism is typically associated with negative Bouguer anomalies caused by the presence of lower density solidified granitic magma chambers, collapsed calderas filled with low density breccias and tuffs, and/or low density hot magma chambers [START_REF] Lehman | Upper crustal structure of the Yellowstone Caldera from seismic delay time analyses and gravity correlations[END_REF][START_REF] Masturyono | Distribution of magma beneath the Toba caldera complex, north Sumatra, Indonesia, constrained by three-dimensional P wave velocities, seismicity, and gravity data[END_REF][START_REF] Finn | High-resolution aeromagnetic mapping of volcanic terrain[END_REF]. Examples of negative anomalies associated with felsic volcanism include Yellowstone [START_REF] Lehman | Upper crustal structure of the Yellowstone Caldera from seismic delay time analyses and gravity correlations[END_REF][START_REF] Finn | High-resolution aeromagnetic mapping of volcanic terrain[END_REF] and Toba [START_REF] Masturyono | Distribution of magma beneath the Toba caldera complex, north Sumatra, Indonesia, constrained by three-dimensional P wave velocities, seismicity, and gravity data[END_REF], which both exhibit high-amplitude negative Bouguer anomalies associated with large (>20 km wide) surface calderas filled with pyroclastic tuffs and deeper level low-density magma chambers.

Conversely, some basaltic volcanoes appear to be associated with negative Bouguer anomalies. For example, Mt Melbourne, an active volcano situated on the western flank of the Ross Sea Rift, is associated with a negative Bouguer anomaly, which might be caused by either (a) low density volcaniclastic material infilling a caldera; or (b) a buried low density body such as a hot magma chamber [START_REF] Ferraccioli | Magnetics and gravity image tectonic framework of the Mount Melbourne Volcano area (Antarctica)[END_REF].

Marion Island, an active basaltic shield volcano located in the sub-Antarctic Indian

Ocean, shows a relatively negative Bouguer anomaly of ~-20 mGal over the centre of the volcanic edifice [START_REF] Chevallier | Volcanological features and preliminary geophysical investigations on Marion Island[END_REF]. Modelling of that anomaly by (1992) showed that reasonable configurations of size and density in a low-density magma chamber could not generate the anomaly. Instead, the presence of a 2.5 km-thick low-density body of unknown origin, with a relative density contrast of -500 kgm -3 , was proposed beneath the centre of the volcano.

The ice cap on Mt Haddington is ~20 km wide and there is no evidence for a large caldera and associated ash deposits as occur, for example, at Yellowstone and Toba volcanoes [START_REF] Lehman | Upper crustal structure of the Yellowstone Caldera from seismic delay time analyses and gravity correlations[END_REF][START_REF] Masturyono | Distribution of magma beneath the Toba caldera complex, north Sumatra, Indonesia, constrained by three-dimensional P wave velocities, seismicity, and gravity data[END_REF][START_REF] Finn | High-resolution aeromagnetic mapping of volcanic terrain[END_REF].

We therefore discount a large-caldera hypothesis for the cause of the observed ~20 km wide, negative Bouguer anomaly. A smaller caldera structure, perhaps 5 km in diameter and associated with possible sector collapse on the northwest side of Mt Haddington, is suggested by the sub-ice topography close to the summit region (Figure 2b). However, a caldera of that size cannot be the primary cause of the observed longer-wavelength negative Bouguer anomaly.

A present-day hot magma chamber beneath Mt Haddington cannot be ruled out by airborne gravity data alone, as it could have a neutral density contrast with the surrounding material. However, to produce a negative gravity anomaly, given an expected minimum basaltic magma density of ~2670 kgm -3 [START_REF] Walker | Gravitational (density) controls on volcanism, magma chambers and intrusions[END_REF][START_REF] Philpotts | The formation of plagioclase chains during convective transfer in basaltic magma[END_REF][START_REF] Dufek | Lower Crustal Magma Genesis and Preservation: a Stochastic Framework for the Evaluation of Basalt-Crust Interaction[END_REF], the magma chamber would have to be intruding basement rocks, which are known to be below ~ 5km [START_REF] Del Valle | Estudio sísmico en la isla James Ross[END_REF][START_REF] Labrecque | Bathymetry, depth to magnetic basement, and sediment thickness estimates from aerogeophysical data over the western Weddell Basin[END_REF]. Our modelling shows a hot basaltic magma chamber, at that depth, intruding basement with a density of 2800 kgm -3 , cannot account for the observed negative Bouguer anomaly. anomaly would be expected. Such a positive anomaly is not observed, suggesting a significant intra-crustal magma chamber has never existed. This is consistent with geochemical studies, which show no compositional evolution of the eruptive products, and hence no evidence for fractionation within an intra-crustal magma chamber [START_REF] Nelson | The James Ross Volcanic Group of north-east Graham Land[END_REF][START_REF] Smellie | Geochemistory and tectonic setting of alkaline volcanic rocks in the Antarctic Peninsula: a review[END_REF][START_REF] Sykes | The petrology and tectonic significance of the James Ross Island Volcanic Group[END_REF][START_REF] Hole | Relation between alkalic volcanism and slab-window formation[END_REF][START_REF] Smellie | Lithostratigraphy of Miocene-Recent, alkaline volcanic fields in the Antarctic Peninsula and eastern Ellsworth Land[END_REF]. The lack of an intra-crustal magma chamber supports the hypothesis that crustal-scale faulting may be allowing melt rapid access to the surface in the region [START_REF] Smellie | Geochemistory and tectonic setting of alkaline volcanic rocks in the Antarctic Peninsula: a review[END_REF][START_REF] Smellie | Lithostratigraphy of Miocene-Recent, alkaline volcanic fields in the Antarctic Peninsula and eastern Ellsworth Land[END_REF].

In the absence of a large caldera, another possible geological explanation for the Cockburn, Seymour and Snow Hill islands to the east. The higher basement elevations form an annular outcrop resembling a "bullseye" that encloses Mt Haddington and which might represent a flexural bulge. However, the simple elastic models, shown in Figure 3c, indicate the maximum amplitude of a flexural bulge is small (<50 m).

With the substantial bedrock topography on James Ross Island, which is also draped by extensive and seemingly undeformed horizontal lava-fed deltas, it may be difficult to detect visually the presence of any flexural bulge. However, a largely unpublished neotectonic study of the Cretaceous outcrops suggest that a possible annular axis of thrusts and anticlines is located outboard of the main volcanic outcrops (van Wyk de

Vries and JL Smellie, unpublished information), which may be related to volcanoinduced bedrock spreading [START_REF] Oehler | Landslides and spreading of oceanic hot-spot and arc shield volcanoes on Low Strength Layers (LSLs): an analogue modeling approach[END_REF]).

An elastic-plastic plate model may be an improvement on the purely elastic models considered in Figure 3, because yielding of the plate beneath the large load of Mt Haddington could cause significant localisation of the deformation. The elasticplastic plate model would explain the narrow width of the observed anomaly, compared to the much broader anomalies predicted by simple constant T e flexural models. Additional low-density material, either at depth, associated with hydrothermal alteration, or at shallow levels within the volcanic pile, associated with tuff cones, or a small caldera, could increase the amplitude of the localised negative anomaly (Figure 7).

How the load-induced deformation occurs can be predicted based on the size of the volcanic load, and the thickness and relative viscosity of the ductile layer. In the lead to spreading of the volcanic edifice, while a thick viscous layer (>>10 km) lead to sinking of the edifice. In the case of James Ross Island, the sediment layer might be as much as ~5 km thick. It is the layer most likely to behave in a ductile manner and lateral spreading of the edifice may be expected to dominate. However, Mt

Haddington is between 30 and 50 km wide, rather than 6 km wide, as used in the models of van Wyk de Vries and Matela, (1998). Initial lateral spreading may therefore have created space allowing the central part of the broad volcanic edifice to sink into the sediment. Additionally, the deeper crust may have acted in a viscous manner, as a thick viscous layer, allowing for greater subsidence.

Lateral spreading of a volcanic edifice may lead to internal deformation of the volcanic edifice and sector collapse (van Wyk de [START_REF] Van Wyk De Vries | Catastrophic collapse at stratovolcanoes induced by gradual volcano spreading[END_REF][START_REF] Oehler | Landslides and spreading of oceanic hot-spot and arc shield volcanoes on Low Strength Layers (LSLs): an analogue modeling approach[END_REF]. The sub-ice topography of Mt Haddington (Figure 2b) shows an arcuate structure, ~5 km in diameter, at the summit of the volcano. This topographic feature could represent evidence for northwest-directed sector collapse of the uppermost part of the volcano, and it leads directly to a postulated flank collapse at the head of Croft Bay, similar to numerous other smaller collapses around the periphery of the volcano [START_REF] Oehler | Landslides and spreading of oceanic hot-spot and arc shield volcanoes on Low Strength Layers (LSLs): an analogue modeling approach[END_REF]. A more detailed airborne radar survey could further elucidate the nature of the possible sub-ice collapse structure. If the sub-ice arcuate feature does indeed represent a sector collapse high on the volcano flank, then the pattern of collapse could be similar to that observed on other volcanoes, such as Stromboli [START_REF] Tibaldi | Major changes in volcano behaviour after a sector collapse: insights from Stromboli, Italy[END_REF] or Mombacho (van Wyk de Vries and Francis, 1997) and other oceanic volcanoes characterised by mechanically weak layers, such as hyaloclastite breccias in lava-fed deltas [START_REF] Oehler | Landslides and spreading of oceanic hot-spot and arc shield volcanoes on Low Strength Layers (LSLs): an analogue modeling approach[END_REF]. The high level of the putative orthogonal to the main trend of dyke intrusion [START_REF] Tibaldi | Major changes in volcano behaviour after a sector collapse: insights from Stromboli, Italy[END_REF]. A similar association is suggested for Mt Haddington: (1) the volcano is elliptical in outline, extended more NE-SW than NW-SE, suggesting possible effusion from NE-SW fissures; and

(2) collapse scars identified here and by [START_REF] Oehler | Landslides and spreading of oceanic hot-spot and arc shield volcanoes on Low Strength Layers (LSLs): an analogue modeling approach[END_REF], indicate landscape rotation and translation directions predominantly to the SE and NW (i.e. orthogonal to the inferred fissure orientation, similar to Stromboli). In addition, the largest and most prominent of the high-amplitude magnetic anomalies on Mt Haddington is also NE-SW aligned and may represent multiple feeder dykes for the volcanism (Fig. 2d).

Finally, many of the eruptions from Mt Haddington were extremely voluminous (tens of km 3 ; unpublished information of JL Smellie), consistent with a fissure origin for much of the volcanism.

Our preferred hypothesis is thus for elastic-plastic deformation induced by volcanic loading. It is supported by unpublished studies of the Cretaceous sediments that form the local bedrock on James Ross Island which are associated with compressional deformation, in the form of low angle thrusts and kink folding (van Wyk de [START_REF] Van Wyk De Vries | Importance o gravitational spreading in the tectonic and volcanic evolution of Mount Etna[END_REF]. In future, seismic refraction surveys, across the width of the volcano, could be used to detect and confirm the size and origin of the low density body extending beneath the centre of the island.

A c c e p t e d M a n u s c r i p t 24

Conclusions

Airborne gravity data collected across James Ross Island reveal a prominent negative Bouguer anomaly centred over Mt Haddington, not a positive anomaly typically expected over a basaltic volcano. The lack of a positive Bouguer gravity anomaly suggests that there has never been a significant upper crustal magma chamber. Whilst this may be a surprise for such an unusually long-lived volcanic centre (c. 10 m.y.), it is consistent with the lack of compositional evolution displayed by the volcano, which has erupted only basalts during the entire period.

Simple Airy or flexural isostatic compensation models cannot account for the negative Bouguer anomaly over the island. The negative Bouguer anomaly was therefore investigated using a variety of 3D inversion techniques, including both an inversion with no a-priori constraints and inversions with fixed depth to top of the source body and apparent density contrasts. Our preferred model explanation is a shallow lowdensity source body, up to 6 km thick. Gravity modelling over James Ross Island shows that a hot magma chamber cannot account for the amplitude and wavelength of the observed gravity anomaly, and there is no geological evidence for a sufficiently large caldera.

We propose that loading-induced deformation of the Cretaceous sediments underlying the Mt Haddington volcano has caused the volcanic load to subside deeply into an elastic-plastic sedimentary bedrock. This subsidence replaced the relatively soft Jurassic-Cretaceous bedrock with volcanic units dominated by low-density hyaloclastite breccia, thus creating a shallow, low-density body, the depth of which Our investigation shows the utility of airborne gravity data as a geophysical tool for probing the interior of ice-covered volcanoes and for identifying and assessing any volcanically-induced crustal loading and deformation processes. Airborne gravity has therefore the potential for becoming a new tool to investigate the structure of several other major subglacial volcanoes and it complements the use of currently more widespread aeromagnetic and airborne radar studies, for example over the glaciated West Antarctic Rift System, which is in parts volcanically active [START_REF] Corr | A recent volcanic eruption beneath the West Antarctic ice sheet[END_REF]. Larsen/James Ross basin [START_REF] Robertson | Seismicity and tectonics of the South Shetland Islands and Bransfield Strait from a regional broadband seismograph deployment[END_REF]. Black ovals mark location of alkali basaltic volcanic outcrops [START_REF] Smellie | Lithostratigraphy of Miocene-Recent, alkaline volcanic fields in the Antarctic Peninsula and eastern Ellsworth Land[END_REF]. 

  depicts the sub-ice topography beneath the Mt Haddington ice cap. During 1998/99 over 10,000 line-km of aerogeophysical data were collected, including 3,500 line-km of airborne gravity data. Line spacing was 2 km, with orthogonal tie lines spaced 10 km apart. Large vertical accelerations were associated with changing altitudes during draped aeromagnetic flights. Hence not all flights yielded usable aerogravity data. Flight line altitudes were constrained by the local topography and were 1050, 1500, 1950, 2050 and 2500 m (Figure 2a).

  were collected using a Zero Length Spring Corporation (ZLS)modified LaCoste and Romberg model S air-sea gravimeter (LaCoste

  Bouguer anomaly that follow include the correction for the long wavelength, satellite derived gravity field.

  transition.[START_REF] Labrecque | Bathymetry, depth to magnetic basement, and sediment thickness estimates from aerogeophysical data over the western Weddell Basin[END_REF] had previously noted this feature from regional airborne gravity data. Part of the negative Bouguer anomaly in the western survey region may also be explained in terms of simple Airy isostatic compensation of the surface topography in the Antarctic Peninsula. The impact of increasing the initial crustal thickness from 22 km to 35 km is to reduce the amplitude of the short wavelength anomalies caused by isostatic deflection of the Moho.

  to calculate the expected flexure, assuming a continuous elastic plate model. The load distribution was based upon the spatial distribution of high-frequency aeromagnetic A c c e p t e d M a n u s c r i p t 12 anomalies, which matches the mapped outcrop pattern of both the volcanic formations and the Cretaceous sediments

Figure 3b .

 3b Figure 3b. For T e values between 1 and 4 km flexural subsidence of between 250 and 550 m is modelled at the margins of the island. Associated with this subsidence the

  deviations from a reference model of the density structure. This model was defined as a 3D mesh 100 km wide and 15 km deep, where each cell was 5 km wide and 0.5 km deep. The default objective function was used for recovery of the density structure, and results were returned as deviations from an initial reference density of 0 kgm -3 . A standard error value of 2.5 mGal was used in the objective function, as this was close to the observed crossover error of the free-air data, and the observation altitude was set at 2050 m.

  to the top of the source body and the apparent density contrast with respect to background values.

  the James Ross Island region[START_REF] Del Valle | Estudio sísmico en la isla James Ross[END_REF] 

  -crustal magma chamber had previously existed and solidified, earlier in the ~6 Ma eruptive history of the James Ross Island Volcanic Group, a positive Bouguer

  presence of a shallow low-density body beneath Mt Haddington is ductile deformation of the sediments beneath the volcano. Van Wyk De Vries and Matela (1998) used finite-element modelling to show that shallow-level sediments beneath a volcanic load can act as a thin elastic-plastic layer, while deeper sedimentary layers yield by ductile flow. The yielding of the underlying sedimentary basement allows the volcanic edifice to sink into the substrate. This elastic-plastic scenario is shown in Figure7. In the case of James Ross Island, much of the volcanic edifice is made up of relatively low-density hyaloclastite breccia, which, if it were displacing sediments with a higher density, could generate the observed negative gravity anomaly. In addition, the elastic-plastic model predicts the development of flexural bulges around the volcanic load (van Wyk de Vries and Matela, 1998). Cretaceous basement is exposed at sea level around the periphery of Mt Haddington. In addition, Neogene volcanic units on the west side of James Ross Island and on Vega Island straddle Cretaceous basement A c c e p t e d M a n u s c r i p t 21 "hills" up to 200 m high comparable with elevations of Cretaceous strata on

  Wyk de Vries and Matela, (1998) thin viscous layers (~1-5 km)

  Mt Haddington may be unique to volcanoes erupted in association with a draping ice sheet since the presence of an ice sheet will ensure that thick hyaloclastite layers (in lava-fed deltas) extend up-dip to near-summit elevations, rather than being restricted to coastal elevations. A structural influence for collapses on Stromboli was suggested since sector collapse has occurred approximately

  the height of the surface volcanic load. Additional lowdensity hydrothermally altered rocks and/or tuffs might be present but are yet unproven within the central core of the volcano. Their presence, which is geologically reasonable, would further enhance the amplitude of the negative Bouguer gravity anomaly observed. It appears plausible that lateral spreading of the Mt Haddington edifice could promote internal deformation within the volcano and even lead to further potentially hazardous gravitationally driven sector collapse. There is published evidence that such collapses have occurred frequently around the periphery of the volcano in the past, and our study suggests there may be a causal link of those collapses to NW-SE extensional stresses linked to NE-SW aligned fissures.

Figure 1 .
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Table 1 .

 1 Rock densities (Gudmundsson, pers. com.) and proportions[START_REF] Smellie | Six million years of glacial history recorded in the James Ross Island Volcanic Group, Antarctic Peninsula[END_REF] making up the volcanic edifice on James Ross Island.

	Table1		
	Lithology	Average Density (kgm -3 ) Percent
	Basalt lava	2780	30
	Hyaloclastite 2380	65
	Tuff	1810	5
	Bulk density	2470	
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