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1. Why study volcano-ice interactions?
The study of volcano-ice interactions, also referred to as ‘glaciovolcanism’ (e.g., Kelman et al., 2002), has become an important topic of scientific research over the past 30 years, even though its study goes back to the early 1900s (Peacock, 1926; Noe-Nygaard, 1940; Mathews, 1947; van Bremmelen and Rutten, 1953). Four important themes drive this increasing importance: volcano hazard awareness and prevention, the Pleistocene global climate record, potential feedbacks between deglaciation and volcanism, and Martian geoscience research.

As awareness, assessment and mitigation of environmental hazards becomes a dominant theme around the world, much attention has focused on hazards associated with snow and ice-covered volcanoes (e.g., 2009 eruptions at Nevado del Huila in Columbia and Redoubt volcano in Alaska). The disaster at Nevado del Ruiz in 1985 was a wake-up call for the world community of disaster planners as it demonstrated that even relatively small eruptions at such volcanoes can lead to significant hazards (Major and Newhall, 1989). Such hazards are widespread, occurring at a large number of volcanoes in the North and South American Cordilleras, the northwest Pacific, Iceland and elsewhere. The potential for the sudden generation and release of large quantities of meltwater at snow- and ice-covered volcanoes, either as lahars (e.g. Nevado del Ruiz) or jökulhlaups (e.g. Gjálp) is the major concern. Although hazards from volcano-ice/snow interactions are increasingly recognized by emergency planners, especially in Iceland (e.g. Eliasson et al., 2006) and the United States (e.g. Till et al., 1993), awareness and mitigation strategies elsewhere have room for significant improvement.

Secondly, volcanoes that have interacted with ice may provide a unique record of changing Pleistocene ice thicknesses, which is invaluable for improving palaeo-climatic reconstructions (e.g. Smellie et al., 2008). One of the chronic problems of glacial geology is providing absolute timing constraints to differentiate periods of terrestrial ice advance and retreat. New glacial advances tend to destroy evidence of previous ones, as many of the depositional units (e.g. till and moraines) are not well preserved in areas of active ice movement. Two exceptions to this are the records preserved by glaciomarine sediments and glaciovolcanic deposits. Marine sediment cores provide a detailed chronology of ocean temperatures over the last 2.5 Ma, but this record is not easily correlated with changes in land-based ice. Products of volcano-ice interactions are increasingly playing a critical role in establishing the terrestrial record for palaeo-ice conditions. Pioneering work, especially in Antarctica (Smellie et al., 2008), is combining volcanological information on glacier extents and thicknesses with high precision geochronology to map out such fluctuations. Recent studies of glaciovolcanism in Iceland (Carrivick et al., 2009; Licciardi et al., 2007; McGarvie et al., 2006; Stevenson et al., this issue; Tuffen and Castro, this issue) are beginning to yield important new information on the mid-Pleistocene chronology of ice advance and retreat immediately south of the Arctic Circle. In western North America, work is advancing to constrain the pre-LGM positions of the Cordilleran ice sheet (Edwards et al., this issue) as well as the local effects of ice advances further south on isolated Cascade volcanoes (Lodge and Lescinsky, this issue). Future work in these areas will provide critical constraints allowing us to better determine how changes in ocean temperatures are translated into changes in terrestrial ice, enabling us to better understand how ice sheets and glaciers respond to global climatic change.

Convincing evidence is accumulating to indicate that past changes in the thicknesses of ice sheets have affected the activity of volcanoes beneath them in a variety of volcanic and tectonic settings (e.g. Jellinek et al., 2004; Maclennan et al., 2002; Nowell et al., 2006). The thinning and withdrawal of major ice sheets during the last glacial-interglacial transition ~11 ka ago lead to a dramatic acceleration in magma production and eruption in Iceland by a factor of 30 (Maclennan et al., 2002). Sub-ice volcanic activity may impact the stability and mass balance of ice sheets, primarily by facilitating basal sliding due to the production of meltwater and deformable volcanic debris (Blankenship et al., 1993; Bourgeois et al., 2000; Vogel and Tulaczck, 2006). Positive feedback, where receding ice triggers volcanism that encourages ice recession, may therefore have been important in the past and may be important in the future as ice rapidly thins in volcanic areas such as the West Antarctic Ice Sheet (WAIS), Iceland and the Andes. Indeed, 20th century thinning of Iceland’s Vatnajökull icecap may have led to an acceleration in recent volcanism in central Iceland (Pagli and Sigmundsson, 2008). A decrease in planetary albedo due to deposition of dark tephra onto the surface of ice and snow (Wilson and Head, this issue) may further amplify any positive feedback.

Finally, scientists are using information from terrestrial volcano-ice interactions to study our closest planetary neighbour Mars, as many features on Mars are similar to terrestrial glaciovolcanic landforms (Allen, 1979). More recently, increasingly detailed data from Mars has provided further evidence that volcano-ice interactions have been commonplace (Chapman et al., 2000; Smellie, 2009), and areas of volcanically-triggered melting are the most likely niches for Martian life (Cousins et al., 2009).  Meanwhile new types of terrestrial glaciovolcanic landform are being documented (e.g. Edwards et al, this issue; Skilling, this issue, Tuffen and Castro, this issue) that may help us to identify more Martian glaciovolcanic deposits.

2. State of the Science
Recently researchers interested in volcano-ice interactions have organized under the auspices of the International Association of Volcanology and Chemistry of the Earth’s Interior (IAVCEI) to form a Commission on Volcano-Ice Interactions (CVII; http://volcanoes.dickinson.edu/), which is now co-sponsored by the International Association of Cryospheric Sciences (IACS). The aim of the Commission is to facilitate communication among scientists interested in planetary volcano-ice interactions, to sponsor meetings and special sessions, and to otherwise promote the integrated science of glaciovolcanism. This volume is a direct outgrowth of the second "Volcano-Ice Interactions on Earth and Mars" conference, held at the University of British Columbia (UBC) in June 2007, and sponsored in part by IAVCEI, as well as UBC, the University of Pittsburgh, Dickinson College, and Lancaster University. Information forming the basis of most of the papers included in this volume was initially presented at this conference. The importance of this growing science was also highlighted by the attention given to water-ice-volcano interactions at the 2008 IAVCEI general meeting in Reykjavik, Iceland, where 25 percent of the conference was focused on this and related topics.

Increasingly, databases are available on the internet to assist researchers and teachers interested in volcano-ice interactions, including the CVII image database (icon.dickinson.edu), the UBC database, and the Lancaster University database. Information and resources on snow and ice-covered volcanoes can also be found on the Nordvolc website and the Alaska Volcano Observatory (www.avo.usgs.gov).

3. Outstanding Issues
Currently our knowledge of the physics and hydrology of volcano-ice interactions, the feedbacks between glaciovolcanism and changing ice thicknesses, and the impacts of glaciovolcanism on atmospheric and ocean chemistry has significant gaps. The techniques used to reconstruct palaeo-ice thicknesses from glaciovolcanic deposits also require revision and improvement in existing analytical and modeling methods.

Fundamental physical questions include: 1) which factors control the explosivity of eruptions (Tuffen et al., 2007; is the ice thickness, subglacial hydrology, eruption rate or magmatic volatile content most important?); 2) whether brittle or ductile ice deformation predominates during eruptions and whether explosive eruptions are capable of shattering thick ice sheets, 3) whether magmatic intrusions can lift ice sheets off the bedrock (Smellie, 2008), 4) how rapidly heat is transferred from magma to ice (Guðmundsson, 2003), and 5) how potentially transient pressure changes over the course of a sub-ice eruption can affect styles of fragmentation and degrees of vesiculation (Höskuldsson et al., 2006). Unresolved issues related to subglacial hydrology include whether distributed or channelized meltwater drainage predominates during eruptions, whether low-pressure cavities develop through connection with the ice margin or surface (Schopka et al., 2006), and whether significant ice-constrained lakes develop during silicic as well as basaltic eruptions.

Although we know that recession of large ice sheets can accelerate eruptive activity we do not know whether recession of ice mantling individual stratovolcanoes may have a similar effect, and therefore whether current melting of ice on Andean stratovolcanoes will increase hazards. Whereas increased meltwater fluxes are known to accelerate valley glaciers over daily or seasonal timescales (Bartholomaus et al., 2008), it is not known whether meltwater produced by volcanic activity can affect the velocity of ice sheets, even though it has been speculated that the location of ice streams may be influenced by geothermal and volcanic activity (Blankenship et al., 1993; Bourgeois et al., 2000).

The impacts of glaciovolcanism on atmospheric and ocean chemistry are not well known. To date no study has addressed the volatile budget from subglacial eruptions to the atmosphere, even though numerous papers have discussed the degassing of volatile species. It is not known whether at any point in Earth’s history gas emissions from sub-ice eruptions could have significantly affected atmospheric chemistry or climate. Large volumes of meltwater that have interacted chemically with volcanic debris may suddenly be released into lakes or oceans (e.g. Gislasson et al., 2002). However, whether this meltwater input can strongly influence geochemical fluxes or, in turn, biological productivity is presently unknown.

Degassing of magmatic volatiles can provide important constraints on the pressure experienced by quenching magma during eruptions and, therefore, the thickness of overlying ice (e.g. Dixon et al., 2002) or the pressure in subglacial cavities (Schopka et al., 2006). This technique relies on accurate measurement of volatile concentrations and on well-established pressure-solubility relationships for a number of volatile species (H2O, CO2, SO2, Cl and F) in different melt compositions, spanning the range of known glaciovolcanic eruptions (e.g. from basanite to rhyolite). To date only the solubility of H2O and CO2 in basaltic and rhyolitic melts is relatively well-constrained and so more experimental work, especially on the pressure-dependence of halogen solubilities, will prove useful for palaeo-environmental reconstructions at glaciovolcanic edifices. Our ability to measure trace quantities of CO2 in volcanic glasses (<30 ppm) must also be improved if we are to use H2O concentrations to accurately estimate quenching pressures, as H2O solubility is extremely sensitive to even small CO2 concentrations (Edwards et al., this issue). 
4. This Volume
The nine research papers presented in this volume cover volcano-ice interactions at a number of different locations (Iceland, British Columbia, Washington State, Oregon and Mars), and span a wide range of magma compositions (basaltic, intermediate and rhyolitic), and deposit types (effusion-dominated, mixed effusive-fragmental, and fragmentation-dominated). The approaches used include field mapping and description of glaciovolcanic deposits (papers by Edwards et al., Lodge and Lescinsky [1], McGarvie, Skilling, Stevenson et al., Tucker and Scott, Tuffen and Castro), analogue modeling of ice-contact lavas (Lodge and Lescinsky [2]), field- and geochemical-based modeling of paleo-ice thickness (Edwards et al.; Stevenson et al.; Tuffen and Castro), and mathematical modeling of the thermal consequences of ash emplacement on ice (Wilson and Head). 

The entire spectrum of basaltic volcanic products, from effusion-dominated pillow lava (Edwards et al.) and subaerial lava caps (Skilling) to ash-dominated eruptions (Wilson and Head) are possible during volcano-ice interactions. The products of two contrasting, Pleistocene, basaltic eruptions beneath thick ice are described in papers by Edwards et al. and Skilling. Edwards et al. have studied an englacial tindar formed at the Mount Edziza volcanic complex in British Columbia, which is dominated by pillow lava and surtseyan basaltic breccia. Skilling presents observations from Hlöðufell, a tuya in south-western Iceland whose eruption culminated in the emplacement of a subaerial lava cap. Both eruptions were complex, comprising multiple phases of activity and probably involving significant changes in the amount of meltwater collected at the vent. Edwards et al. use elevations of pillow horizons and dissolved water contents to estimate the palaeo-ice thicknesses during the ~900 ka eruption and find them consistent with a substantial regional ice sheet. Skilling argues that some distinctive features in subaqueously-emplaced lavas at Hlöðufell indicate the presence of stoped blocks of ice that were fractured and detached from the ice roof during subglacial phases of the eruption. Wilson and Head focus on the consequences of pyroclastic eruption products (airfall ash and PDC deposits) for rates of ice sublimation on Mars. Their modeling is consistent with thick deposits of ash acting to insulate martian ice from sublimation, with important consequences for rates of ice survival at planetary poles and the flanks of stratovolcanoes.

Intermediate volcanism is covered by the contributions from Lodge and Lescinsky (Kokostick Butte, Or and Mount Rainier, Wa), Stevenson et al. (Kerlingafjöll central volcano in central Iceland) and Tucker and Scott (Mt Baker, Wa). Lodge and Lescinsky and Tucker and Scott document distinctive fracture patterns in lavas at stratovolcanoes in the western US. Although some of the described fracture patterns have similar characteristics, they also show significant differences that reflect the contrasting emplacement environments (ice-contact versus subaerial to lacustrine). Lodge and Lescinsky use detailed data on fracture orientations and morphologies to assess how flow-related and cooling-related stresses combined to produce the distinctive fracture populations found in ice-contact lavas. The work by Tucker and Scott demonstrates that, because similar fracture types may develop in ice-contact and subaerial lava flows (e.g. pseudopillows and columnar joints), information about the flow morphology and geological setting are needed for robust palaeo-environmental reconstructions from lavas alone. In contrast Stevenson et al. describe mostly fragmental lithofacies dominated by vitriclastic tuffs that were formed during explosive, monogenetic intermediate eruptions in Iceland. Their study demonstrates for the first time that andesitic-to-dacitic eruptions may involve significant interactions with meltwater, as previous studies (Mathews, 1951; Kelman et al., 2002) had documented lava-dominated glaciovolcanic edifices.

The papers by McGarvie and Tuffen and Castro document the wide range of products of evolved, rhyolitic glaciovolcanism in Iceland. Tuffen and Castro document the emplacement of a sub-ice rhyolitic dyke in northern Iceland in exacting detail, and present evidence that the dyke was emplaced in very thin and permeable ice/firn. Their detailed mapping and descriptions of crystallization textures show the textural complexity possible during a relatively simple sub-ice eruption. In contrast, McGarvie presents a broad, comprehensive overview of all rhyolitic glaciovolcanism in Iceland. His descriptions include lava- and tephra-dominated rhyolitic edifices as well as rhyolitic deposits extant on larger stratovolcanoes. Both studies highlight the geochronometric importance of using the evolving subject of glaciovolcanism for palaeo-climatic reconstruction.

Common themes that emerge from the contributions are 1) that interactions between volcanoes and overlying ice/snow can produce massive and fragmental deposits with highly distinctive and heterogeneous textures, 2) interpretation of ice-thicknesses is at best a complex processes that requires a combination of field- and geochemical-constraints and usually results in constraints on either minimum or maximum ice/snow thicknesses, and 3) the overall importance of studying glaciovolcanism for obtaining detailed records of terrestrial and martian glaciation.
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