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Abstract

We have evaluated published gravity-height (g/h) data on Campi Flegrei, Kilauea, Askja and Krafla, in order to discriminate between subsurface processes during caldera subsidence. With respect to end member gravity-height correlations such as the free air gradient (FAG) and the Bouguer corrected free air (BCFAG), g/hgradients must be interpreted in terms of subsurface mass redistribution, density changes or some combination of these. g/hgradients during subsidence plot (i) along or below the BCFAG, (ii) between the BCFAG and the FAG or (iii) along or above the FAG. We have evaluated each of these three regions in terms of subsurface processes during volcano subsidence. We have interpreted g/hgradients as possible indicators of precursors of volcanic activity and propose that gravity - height surveys may help to detect precursors of caldera collapse due to magma drainage. In this context, the 1875 eruption of Askja in Iceland has been re-interpreted in terms of the beginning of the eruptive episode being induced by roof collapse of an evacuating magma chamber. Based on other examples of recent volcanic roof collapses, we evaluate the contribution of gravity-height surveys in assessing volcanic risks during caldera subsidence. Caldera forming eruptions are environmentally and economically the most devastating volcanic events. Inflation is usually considered to be an important pre-cursor to activity. Here we show that deflation may be associated with the trigger mechanism for caldera-forming explosive eruptions.
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Introduction

Caldera-forming eruptions account for the most violent volcanic events recorded in Earth’s history. Eruptions such as Toba (75 ka) and Long Valley (760 ka) involved up to a thousand cubic kilometres of magma (e.g., Lipman 2000). But even smaller scale eruptions associated with caldera-collapse such as at Campi Flegrei (37 ka; Civetta et al. 1997) or Taupo (1.8 ka; Wilson et al. 1995) generated significant volumes of material that, if erupted in the present time, would pose serious hazards for life and property both on a local and global scale. Newhall and Dzurisin (1988) report processes of unrest including periods of edifice inflation and/or deflation at about 100 calderas during the second half of the 20th century. Monitoring these calderas is an essential means to assess hazards and mitigate risks during volcanic crises (e.g., Dzurisin et al. 1999). Here, micro-gravity measurements may contribute in assessing shallow processes in the feeder system of caldera-related volcanic centres (e.g., Johnsen et al. 1980; Berrino et al. 1984; Berrino et al. 1992; Berrino 1994; Rymer and Tryggvason 1993; Rymer 1994; Rymer et al. 1998). Such gravity surveys are conventionally carried out in order to relate gravity changes (g) with elevation changes (h) as a means of inferring subsurface mass/volume changes from gravity residuals (e.g., Berrino et al. 1992; Murray et al. 2000). Gravity – height change data have been shown to be of value in determining precursors of volcanic activity (Rymer 1994). More recently, the gh signature of an inflating Mogi-type source (Mogi 1958) has been used by Rymer and Williams-Jones (2000) and Williams-Jones and Rymer (2001) to assess the likelihood of a volcanic eruption. Their models predict the evolution of the gh signature as a volcano progresses from inactivity through persistent activity to explosive eruption. 

Our study focuses on constraints from gravity – height data on subsurface processes beneath a deflating caldera. Caldera unrest is usually cyclic, with periods of inflation and deflation. The deflation part of the cycle is not normally associated with hazard. However, we show here that simultaneous gravity and deformation surveys can contribute to identifying magma chamber processes that may represent precursors of volcanic activity during caldera subsidence. 

Deformation and gravity changes

Volcanic eruptions are usually preceded by the injection of new magma into a magma chamber (e.g., Sigurdsson and Sparks 1981; Murphy et al. 1998). This mass influx is associated with an overall volume increase that results in the deformation of the surrounding medium. A simple mathematical concept to quantify the amount of surface deformation due to a subsurface volume increase was approximated by Mogi (1958). The Mogi model is used to determine the change in subsurface magma chamber volume given the surface volume change and assuming that i) the country rock behaves elastically and ii) the magma chamber behaves as a pressurised point source whose depth is large compared with its radius. In conjunction with data from gravity surveys, it has been shown that in spite of the rather simplistic assumptions made, the Mogi model fits many data sets well and provides constraints on subsurface magmatic processes (e.g., Berrino et al. 1984, 1992; Rymer and Tryggvason 1993; Avallone et al. 1999). An infinite slab rather than a point source has also been shown to be satisfactory in some cases (Berrino et al. 1984) and in theory, other more complex geometries may also be applicable, e.g., dykes, dipping dykes and finite sills (Savage 1984).

Gravity and deformation data may be used to identify magma chamber processes involving volume/density/mass changes, long before surface volcanic activity occurs and may therefore contribute to eruption prediction (Rymer and Williams-Jones 2000).

Gravity and height change are inversely correlated. The theoretical value for the free-air gradient (FAGth) which represents the change in gravity with an elevation change is –308.6 Gal/m*. Gravity – height data deviating from this gradient must be interpreted in terms of subsurface mass changes. No mass change is required for data falling on this gradient but a subsurface density change is necessary. If there is no density change but there is a mass change, then gravity – height data will follow the Bouguer corrected free-air gradient (BCFAG). The value of the BCFAG depends on the density and the geometry of the source and on the value of the FAG (Rymer 1994). The FAG must be measured directly since implications drawn from gravity changes due to subsurface processes are meaningless if the value of the “real” FAG deviates substantially from the theoretical FAGth (e.g., Berrino et al. 1984; 1992). For the FAGth, and assuming magma densities between 2200 and 2800 kg/m3 the BCFAGp (for a point source) varies between -247 and -230 Gal/m, whereas the BCFAGs (for a infinite slab source) ranges between -216 and -191 Gal/m, respectively (Figure 1). 

The BCFAGp (Gal/m) is calculated from 
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where G is the Universal Gravitational Constant (6.673*10-11 N m2 kg-2) and the density ( is in kg/m3.

The BCFAGs Gal/m) is similarily calculated from 
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Field measurement errors restrict micro-gravity precision to about 15 Gal (Rymer 1994) which is equivalent to an uncertainty in the vertical deformation of less than 5 cm. Resolvable gravity changes may be detected up to 10 km from the region of maximum ground deformation if the mass change is at least 1012 kg of material (see Williams-Jones and Rymer 2001 for a detailed evaluation). Non-linear g/h relationships have been found at active volcanoes, but the relationship is typically linear at calderas in a state of unrest, principally due to the greater source depth. The error in the observed g/h gradient will depend on the survey design and local conditions.

Gravity-height gradients

Statistically significant deviations from the gradients in Figure 1 can be interpreted in terms of subsurface processes. For periods of inflation, these processes have been discussed previously (Brown et al. 1991; Berrino et al. 1992; Rymer et al. 1995; Rymer and Williams-Jones 2000; Williams-Jones and Rymer 2001). In this study, we consider the three regions termed I-III in Figure 2 and how they relate to processes during subsidence at calderas in a state of unrest. Measured g/hdata plotting in any field may be related to specific source processes. We suggest here that their interpretation may help to constrain and predict whether or not a volcanic eruption is likely to occur in a period of subsidence during caldera unrest.

The simplest explanation for deflation of a volcanic edifice is the thermoelastic response of the surrounding medium to thermal contraction of a cooling magma body. Since this contraction is not associated with a mass change, gravity-height data will plot along the FAG. Deviation from the FAG can only be explained by subsurface mass changes. Data falling below both the FAG and the BCFAG must be interpreted as an overall mass and density decrease (region I, Fig. 2). Magma drainage from the reservoir and/or a fall in water table may be the cause of this mass loss. The density decrease may be due to void creation during drainage and/or vesiculation during depressurisation due to magma drainage. If measured g/h gradients plot in region I, a volcanic eruption appears unlikely to occur.

An overall mass and density increase will produce data that plot in region II (Fig. 2) above both the FAG and BCFAG. The mass increase may be due to magma intrusion, dyke emplacement or a rise in the water table. Bubble resorption, bubble collapse, void filling and hydrothermal cementation may be among the processes that result in an overall density increase. An eruption is again unlikely to occur if data plot in region II, unless the measured g/h gradient becomes very steep. In this case, the mass increase is so large that shallow subsurface processes must be involved to account for the observations and an eruption may follow. For example, at Poàs volcano (Costa Rica) data fell in this region before a phreatic eruption (Rymer and Williams-Jones 2000). Dyke emplacement close to the surface may also be associated with steep g/h gradients. Such gradients may be interpreted as precursors to potential volcanic eruptions if dykes become feeder dykes (e.g., Gudmundsson et al. 1999) for fissure eruptions. Resultant eruptions will be effusive, not highly explosive events. 

Data falling in region III on the other hand, represent mass loss and density increase. Mass may again be lost during magma drainage out of the magma chamber or by a fall in water table. The possible mechanism for increased density associated with mass loss will be discussed below, but first we review some previously published data in this context. We will see, that data plotting in region III may help to constrain an important mechanism initiating caldera collapse and volcanic eruptions. 

Gravity-height data during caldera deflation 

Though only limited simultaneously acquired gravity and height data during episodes of caldera deflation are available, existing data sets may be used to constrain source processes responsible for caldera subsidence. Here, we evaluate studies from Campi Flegrei, Kilauea, Askja and Krafla (Table 1). 

Campi Flegrei

The Campi Flegrei, Italy is dominated by a resurgent nested caldera resulting from two main collapse events related to the formation of the 37 ka Campanian Ignimbrite and the 12 ka Neapolitan Yellow Tuff (e.g., Rosi et al. 1983; Orsi et al. 1992). Although undergoing a period of subsidence since at least the Roman ages (Parascondola 1947), short periods of uplift occurred in the early 1500’s (Di Vito et al. 1987) and during bradyseismic crises since 1969 (Di Vito et al. 1999). The latest periods of tumescence (1970-72 and 1982-84) resulted in a net uplift of 3.5 m. Uplift and subsequent subsidence during the period 1982-1991 were correlated with micro-gravity data by Berrino et al. (1984) and Berrino (1994). The measured FAG of –290 Gal/m results in a BCFAGp of -230Gal/m and a BCFAGs of –185 Gal/m for a density of 2500 kg/m3. The reported g/h gradient for the period of subsidence between 1985 and 1991 is -130 Gal/m (Table 1, Fig. 3). An overall mass and density decrease is inferred from the data, if the resultant gradients are compared with our proposed g/h regions (Fig. 2). Berrino (1994) interpreted the observed gravity - height correlations as a result of magma drainage following a magma intrusion responsible for the uplift processes. In addition, removal of fluids may have contributed to the subsidence. Since the measured g/h gradient plots in region 1, according to our proposal an eruption was very unlikely to occur during the recent periods of subsidence at Campi Flegrei. Indeed, to date no eruption has occurred. In contrast, Rabaul caldera experienced similar inflation during the 1980s without the subsequent deflation and the episode culminated in a series of explosive ash eruptions (McKee et al. 1989). 

Kilauea

Deflation occurred within the summit caldera at Kilauea (USA), an active basaltic shield volcano, between 1975 and 1977 (Dzurisin et al. 1980; Johnson, 1987). Deflation began after a small summit eruption in late November 1975 and progressed for the following two years during four subsequent deflation periods. In September 1977 the deflation culminated in a flank eruption along the East Rift Zone. Figure 4 displays g/h gradients derived from recorded gravity-deformation measurements between November - December 1975, December 1975 – April 1977 and April 1977 – October 1977 (Table 1). Dzursin et al. (1980) calculated that 40-90(106 m3 of void volume was created between Nov. and Dec. 1975 based on a Mogi-type source. The g/h gradient of –171 Gal/m falls in region I (Fig. 2) and hence implies mass drainage associated with a density decrease at the beginning of the deflation period. Unfortunately, to our knowledge no directly measured FAG exists for Kilauea. The complex Bouguer anomaly in the region makes the calculation of the FAG (eg., Berrino et al 1992) inappropriate. Our interpretation of the data is therefore based on the theoretical value. Since the authors report errors between 6 and 17 Gal for their measurements, the gradient may actually be very close to the BCFAGp implying no density change during this period of subsidence. How far the Mogi model is applicable to explain source dynamics of the shallow magma chamber beneath Kilauea is still a matter of debate (e.g., Delaney and McTigue 1994). 

The g/h gradient of -607 Gal/m during the subsequent deflation period (December 1975 to April 1977) clearly marks both subsurface mass and density increases (region II, Fig. 2). This implies however, that the foregoing deflation was indeed associated with an overall density decrease because subsequent mass gain would have resulted in uplift if no void space had already been present. The 0.5 m subsidence between April and October 1977 was associated with a gravity increase of 140 Gal. The gradient follows the FAGth within the errors of the survey. There is clearly a need to measure the FAG directly on Kilauea in order to get a better control on mass redistribution beneath the summit. The available data for this period allows us to conclude that deflation was accompanied by a density increase but no (or only a very small) overall mass change occurred. Though magma feeding the flank eruption in September 1977 may have been withdrawn from the summit, the data imply the emplacement of a similar mass of new magma beneath the summit during the same period. In summary, gravity-height data for the monitored two year period fell within regions I and II, as well as within error on the FAGth. Summit eruptions would therefore not be expected to occur and indeed they did not.

Askja 

Askja caldera (8 km across) is located in North Iceland on a fissure system running parallel to the Krafla rift. A paroxysmal plinian eruption in 1875 (Sparks et al. 1981) is associated with the formation of Öskjuvatn, a smaller 4 km wide “nested” caldera in the southern part of the main depression (Fig. 5a). The most recent eruption at Askja was a basaltic lava flow in 1961. Alternating episodes of inflation and deflation have been reported since 1966, with about 80% of the observed deformation being due to a point source deformation (Rymer and Trygvasson 1993). The deflation periods have been interpreted as being influenced by lateral magma drainage out of Askja to feed fissure eruptions up to 70 km to the North (Tryggvasson 1989; Sigurdsson and Sparks 1981). A gravity and deformation study between 1988 and 1991, during a period of subsidence (Rymer and Trygvasson 1993), reveals g/h gradients between -500 and -2400 Gal/m (Table 1 and Fig. 5b). These values compare with measured FAGs between –240 and –360 Gal/m and would imply an overall mass and density increase since data plot in region II. However, except for one set, the gravity residuals are within the error of the obtained data and any interpretation of inferred subsurface mass movement is ambitious. Nevertheless, the steep gradient of –2400 ± 1290 Gal/m measured in the north-eastern part the younger caldera (Fig. 5a) stems from a gravity change of 17 ± 9 Gal associated with a minute elevation change of 0.007 m. This region is also characterised by a positive Bouguer anomaly interpreted in terms of intense dykeing (Brown et al. 1991) between the Öskjuvatn caldera and the 1961 vents (shaded area C, Fig. 5a). Rymer and Trygvasson (1993) interpreted the gravity residuals in that area to be associated with dyke emplacement into shallow levels (10-100 m) off-axis from the inferred Mogi-source located in the centre of the main caldera depression. Their interpretation is consistent with our model whereby gravity data plotting in region II may result in volcanic eruption if gravity gradients are very steep. It thus appears that between 1988 and 1991 Askja only just avoided renewal of surface activity.

Krafla

Krafla, a large central volcano superimposed on a transecting fissure swarm within the actively spreading Northern Neovolcanic Zone in Iceland, was most recently active from 1975 to 1984. The main body of the volcano consists of an 8(10 km caldera, generated during an explosive inter-glacial eruption at about 0.1 Ma (Saemundsson 1978; Bjornsson et al. 1979). Bimodal volcanism at Krafla has produced both silicic and basaltic eruptions (Jonasson 1994). Although multiple gravity surveys have been carried out around Krafla (see Rymer et al. 1998 for a summary) combined gravity – ground deformation data are sparse. Johnsen et al. (1980) report data for deflation during an episode of unrest at Krafla caldera between periods of inflation and eruption. Two sets of measurements between April 1977 and July 1978 detected up to 100 cm of subsidence associated with an increase in gravity of up to 210 Gal. The resultant g/h gradients are –210 Gal/m and –200Gal/m, respectively. For January 1978, the same authors report a g/h gradient of –166Gal/m. Values of –233Gal/m for the BCFAGp and –195Gal/m for the BCFAGs are calculated from the FAGth assuming a magma density of 2700 kg/m3 (Table 1). Figures 6a and b show the resultant g/hgradients for Krafla between April 1977 and July 1978 with respect to the FAGth, the BCFAGp and the BCFAGs. Since the deformation pattern at Krafla is consistent with a Mogi-type point source of pressure (Trygvasson 1986), we may expect the measured g/hgradients to follow either the FAGth (for no mass change) or the BCFAGp (for mass change). The data sets for these time periods actually fall in region I (Fig. 2) and as a consequence, both mass and density decrease may be inferred for the three reported data sets. Nevertheless, the two gradients measured between April 1977 and July 1978 closely follow the BCFAGs, whereas the gradient measured in January 1978 deviates significantly from the two other sets. Johnsen et al. (1980) interpreted their gravity-height data in terms of a fall in the water table. This is indeed consistent with the mechanisms proposed for data plotting in region I (Fig. 2). However, during this time magma was transported by dykes to surface fissures (Tryggvason 1986). Lateral magma drainage in such an extensional tectonic regime would leave void spaces, at least in the short term, resulting in an overall density decrease. Within this context it may be worth re-emphasising the fact that calculating source densities from gravity – height correlations at Krafla during periods of deflation using the infinite slab model yield more reasonable results than those calculated by a Mogi-type point source model (Berrino et al. 1992). Though a Mogi-type deformation may resolve the gravity – height correlations during inflation, the same model may not suitably explain substantial mass removal during periods of deflation. During deflation, the gravity effect of lateral magma drainage along dykes and/or sills may be better constrained by the slab model, at least in areas of extensional stress patterns such as at Krafla. We may conclude that the overall gravity – deformation pattern recorded for the period of April 1977 to July 1978 at Krafla closely follows the BCFAGs, in which case a net mass loss but no density change occurred. The cyclic pattern of magma replenishment into and withdrawal from the chamber during periods of inflation and deflation during this episode of unrest is therefore likely to be responsible for the gravity – height data pattern. As predicted from our model for data falling into region I (Fig. 2), no volcanic eruption occurred during the periods of deflation at Krafla. 

A post-eruptive gravity-deformation survey during subsidence from 1990 to 1996 at Krafla (Rymer et al. 1998) revealed both positive and negative gravity residuals beneath the caldera (Fig. 7a). The associated g/hgradients for the various stations range from 32 to –843 Gal/m (Fig. 7b) resulting in cumulative residuals over the survey period between -49 and +62 Gal. According to Figure 2 these data reflect both mass and density decrease as well as density and mass increase. Data plotting in region II were recorded off the axis of maximum deflation, whereas data falling in region I were measured approximately over the inferred Mogi source (Fig. 7a; Rymer et al. 1998). The gradient of –271 Gal/m reported for one station (Table 1) falls within region III (Fig. 2). This specific gradient is associated with a rather large error of 34 % (Rymer et al. 1998) and so we shall not pursue its interpretation further.

In order to account for the net gravity decrease within their survey area, Rymer et al. (1998) proposed the drainage of at least 4(1010 kg of magma out of the magma chamber. The positive gravity residuals were interpreted in terms of an overall density increase due to the closure of micro fractures and/or the migration of the steam-water interface during cooling of a shallow hydrothermal system (Fig. 7a). However, since almost all of their gravity - height data that they interpret to be associated with a density increase is clearly also accompanied by a mass increase (region I) their proposed processes may only partially account for the observed positive gravity residuals. A Gaussian integration-based evaluation of the mass gain responsible for the reported residuals off the central axis of the Mogi-source gives 1(1010 kg. While vertical fluctuations in the water-steam interface may have occurred, they cannot account for all the postulated mass increase. Either i) the hydrothermal system was replenished during the survey associated with a rise in water table or ii) magma was emplaced in dykes beneath the caldera. The intriguing similarity of inferred mass loss and gain of the order of 1010 kg during this period of general subsidence supports the latter. Magma may in fact have moved laterally out of the chamber into dykes, a process frequently described within the extensional tectonic regime of North Iceland (e.g., Bjornsson et al. 1979; Ewart et al. 1991). As predicted from our model, an eruption was unlikely to occur during this period of subsidence. Note, that the interpretation of the available gravity-height data at Krafla is based on the FAGth. There is clearly the need to directly determine the FAG at Krafla. 

Mass decrease and density increase during deflation

Processes responsible for gravity-height data to plot in region III (Fig. 2) include a fall in water table (mass decrease) accompanied by a decrease in pore pressure and compaction (density increase). Furthermore an incomplete mass balance due to the drainage of magma and the input of more basic (denser) magma into the source may account for such gravity changes during subsidence. Mass drainage and the creation of voids will result in data plotting in region I. Nevertheless, if subsidence leads to the closure of existing voids (density increase) while magma is withdrawn, the resultant gradient would fall in between the FAG and the BCFAG (region III). Continual downsagging leading to the creation of fractures may result in the brittle failure of the host rock if the lithostatic pressure exceeds the pressure inside the chamber. Ultimately, roof collapse will result along these faults. Depending on the degree of magma withdrawal, caldera formation may be the extreme end member of such a process. The collapse may trigger volcanic eruptions as remaining magma in the chamber may be channelled out from its reservoir along faults. This caldera forming process is visualised schematically in Fig. 8. Roof collapse and caldera formation due to magma drainage from a reservoir have been modelled recently in analogue experiments (e.g., Marti et al. 1994; Roche et al. 2000; Walter and Troll 2001). Numerical considerations (e.g., Gudmundsson 1998) show that slip along faults can lead to explosive volcanic eruptions as magma is channelled in dykes along ring fractures to the surface. Gravity-height data may help to predict whether a volcanic system will eventually approach a state where subsidence can result in catastrophic roof collapse. The degree of explosivity of the following eruption will depend strongly on the physicochemical properties of the remaining magma in the chamber. Volatile-rich, oversaturated magmas may vesiculate due to sudden decompression beneath an uprising footwall during fault slip (Gudmundsson 1998) and trigger highly explosive eruptions. Roof collapse into chambers filled with low volatile magma may lead to less violent eruptions.

Examples of roof collapse

Collapses at Fernandia (Galapagos) in 1968 and Halema’uma’u (Hawaii) in 1924 were accompanied by 350 m and 285 m down throw, respectively (Simkin and Howard 1970; Hawaiian Volcano Observatory web site). Both roof collapses were initiated by lateral magma migration out of the chamber, although they were not accompanied or followed by pyroclastic activity. Nevertheless, the newly created Halema’uma’u caldera was active for two weeks following the subsidence, hosting phreatic eruptions due to infiltration of meteoric water into the magma chamber (see historic reports published on the HVO web site). 

The formation of the 1875 Öskjuvatn caldera at Askja has been explained by piecemeal subsidence over a magma chamber due to lateral magma drainage, since the volume of plinian deposits erupted in April 1875 are more than one order of magnitude smaller than the collapse volume (Sparks et al. 1981). The eruptive period was apparently triggered by the influx of basaltic magma during crustal rifting into a density-stratified magma chamber with rhyolitic magma at its top (Sigurdsson and Sparks 1981). More than one month prior to the plinian eruption on 28 and 29 March 1875, a total subsidence of 350,000 m3 in the southeast corner of the old caldera was reported by farmers visiting the area (chronology of events compiled in Sparks et al. 1981). They also report an arcuate alignment of three vents surrounding the depression, one of which was associated with a small lava flow. From the available records, we infer that rhyolitic lava underlying the plinian deposits (Sparks et al. 1981) corresponds to the small flow reported by the farmers. The rhyolitic lava is interpreted as an “agglutinate formed by the rapid accumulation of spatter” (Sparks et al. 1981, page 247). However, the authors give no explanation for the occurrence of a rhyolitic spatter eruption prior to the highly explosive plinian event. Reports about “a column of fire above Askja“ on 3 January 1875 (Sparks et al. 1981) may be best explained by fire fountaining that may have generated the welded deposit. During this time, earthquake activity and frequency was at a maximum and subsidence representing the beginning of caldera formation may also have started. Our interpretation is that the lava-like deposit is intimately linked to the process of roof collapse due to magma drainage (Fig. 8). Magma draining from beneath Askja is interpreted as having fed a fissure eruption at Sveinagja, 70 km north of Askja during that time (Sigurdsson and Sparks 1981). Slipping along a fault plane, the collapse may have contributed to direct rhyolitic material out of the chamber. The occurrence of a spatter-fed deposit implies a low explosivity eruption. Rhyolitic volcanism driven by gas overpressure appears unlikely to result in a spatter eruption but rather in a more explosive eruption such as the plinian phase at Askja which is explained by the vesiculation of a water saturated rhyolite (Sigurdsson and Sparks 1981). The collapse of the roof into the chamber may have induced forced mingling and/or mixing of the magma situated at the top of the chamber, while the material is simultaneusly channelled out upwards along a fault plane. Such a process may explain the unusual chemical and textural heterogeneities within the welded deposit (Sigurdsson and Sparks 1981). The depressurisation of the uprising magma resulted in a weakly explosive event due to the exsolution of a small amounts of volatiles. More rhyolitic magma from the chamber may have been transported to the surface as soon as the collapse-induced pathway was established. However, at the time of the spatter eruption, the magmatic system beneath Askja was not likely to erupt vigorously. It took at least a further month to pressurise the system (possibly by the injection of more basaltic magma into the chamber) to the point that the plinian eruption could follow.

We envisage roof collapse due to magma withdrawal as a potential mechanism to trigger volcanic eruptions of calderas. Gravity-height gradients for the scenario of subsidence leading to collapse, such as at Askja 1875, would plot below the FAG and above the BCFAG within our proposed region III (Fig. 2). Unfortunately, gravity and deformation data recorded during subsidence evolving to roof collapse do not yet exist. We would nevertheless emphasise that g/h data deviating into region III during a gravity-deformation survey could indicate that roof collapse might be the catastrophic end member of possible events.

Summary and Conclusions

g/h gradients measured during caldera deflation may be interpreted in terms of subsurface processes. We have defined three different regions within a g/h diagram. Region I represents both mass and density decrease, region II both mass and density increase and region III, mass decrease and density increase. We identified g/h gradients that represent precursors of volcanic activity and speculated on the nature of events, if data were to plot in either field. Published g/h data either fall on the FAG or BCFAG or within regions I and II. A mass decrease and density increase during deflation may indicate that magma is withdrawn from the system and increasing density of the source occurs during closure of generated voids while the overlying roof is subsiding. We have interpreted data plotting and moving (with time) into region III as a potential precursor to roof collapse. Such a collapse may trigger a volcanic eruption as magma is channelled out from its reservoir. During inflation, data falling into the region between the FAG and BCFAG have also been interpreted in terms of possible pre-cursors to eruptive activity (model 2 in Rymer and Williams-Jones 2000). 

Deflation at calderas appears, in general, to occur on a scale of hundreds to thousands of years or longer and may simply be explained by the elastic response of the host rock surrounding a cooling magma chamber. g/h gradients for such a process would generally follow the FAG. However, as soon as deflation is accompanied by subsurface mass redistribution, timescales of deformation change significantly. In basic magmatic systems and extensional tectonic regimes (such as Iceland) drainage and associated downsagging may occur within hours or days. Low viscosity magmas of basic and intermediate compositions appear to be prone to rapid magma withdrawal. These processes may simultaneously be resolved during high precision gravity – height measurements. If gravity – height gradients represent mass drainage and an overall density increase, a process leading to roof collapse may be envisaged during volcano subsidence. Observed roof collapse at Halema’uma’u (HVO) and Miyakejima, Japan (Nakada and Fujii 2000; Geshi et al. 2001) followed the start of magma withdrawal and the onset of subsidence with a hiatus of less than two weeks. Such a time window should enable prepared authorities to assess risks and to take precautions in populated areas such as the Campi Flegrei. We conclude that continuous gravity-height measurements in areas of volcano subsidence may be a valuable tool to detect the precursors of roof collapse, which are associated with the most devastating type of volcanic activity.
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Tables

Table 1
Summary of gravity and deformation data obtained during volcano deflation.

Volcano
Period of observation
g (max.) Gal
h (max.) m
g/h Gal/m
FAG Gal/m
Density kg/m3
BCFAGp Gal/m
BCFAGs Gal/m
Source












Campi Flegrei, Italy
1985 – 1991


+65
-0.50
-130
-290
2500
-220
-185
Berrino (1994)












Kilauea, USA
Nov. 1975 - Dec. 1975

Dec. 1975 - Apr. 1977

Apr. 1977 - Oct. 1977
+234

+145

+140
-1.31

-0.24

-0.50
-179

-604

-280
-308.6
2700
-233
-195
Dzurisin et al (1980)












Askja,

Iceland
1988 - 1991
+26

+13

+17
-0.047

-0.026

-0.007
-553

-500

-2488
-360

-240

-240
2700
-286

-165

-165
-249

-127

-165
Rymer and Trygvasson (1993)












Krafla,

Iceland
Apr. 1977 - July

1978
+210

+100
-1.000

-0.500
-210

-200
-308.6

-308.6
2700
-233
-195
Johnsen et al (1980)













Jan. 1978
+150
-0.90
-166
-308.6
2700
-233
-195
Johnsen et al (1980)













1990 - 1996
-27.0

+48.6


-5.4

+12.6


-1.8

+22.8

+12.0

+18.6

+21.6

+42.6

+69.0

+81.0

+42.6
  0.000

-0.126

-0.168

-0.168

-0.132

-0.084

-0.036

-0.024

-0.126

-0.126

-0.126

-0.096

-0.060
infinite

-385

+32

-75

+14

-271

-333

-775

-171

-338

-548

-843

-710
-308.6
2700
-233
-195
Rymer et al (1998)

Figure caption 

Figure 1

Gravity and height change (g/h) correlations during deflation. The theoretical gravity increase due to a height decrease will follow the free air gradient (FAGth). g/h data falling on the FAG imply no overall subsurface mass change. Similarly, if no subsurface density change occurs with elevation change, data will follow the Bouguer corrected free gradient (BCFAG). Depending on the assumptions made on the source geometry, for an elastic response and densities between 2200 and 2800 kg/m3, values of the BCFAGp (Mogi type point source; Mogi 1958) range between –247 and -230 Gal/m (A and C), respectively. For an infinite horizontal Bouguer slab, the BCFAGs ranges between -216 and -197 Gal/m (B and D), respectively. Deviation from either the FAG or BCFAG result from subsurface mass and density changes that may be interpreted according to Fig. 2. 

Figure 2

The interpretation of g/h data deviating from predicted gradients (FAG and BCFAG) according to subsurface mass and density changes during volcano deflation. Three regions may be discriminated: region I represents mass and density decrease, region II both mass and density increase and region III mass decrease and density increase. 

Figure 3

The average g/h gradient for all stations at Campi Flegrei, Italy between 1985 and 1991 (Berrino 1994) with respect to the FAG, BCFAGp and BCFAGs (Table 1).

Figure 4

The g/h gradients (bold lines) obtained from three surveys (Dzurisin et al. 1980) at Kilauea volcano, USA between November 1975 and October 1977 with respect to the FAGth, BCFAGp and BCFAGs (Table 1). 

Figure 5

(a) Schematic map of Askja and Öskjuvatn calderas in Iceland, including sites of gravity stations (black points) during the 1988-1991 gravity-height survey of Rymer and Trygvasson (1993). (b) g/h gradients (bold lines) obtained during their survey with respect to the FAG, BCFAGp and BCFAGs (cf. Table 1). Gradients marked A-C in (b) represent observed gradients for the respective areas indicated in Figure (a). The map is modified after Rymer and Trygvasson (1993). 

Figure 6

The g/h gradients (bold lines) for Krafla caldera, Iceland during periods of subsidence (April 1977 to July 1978 (a) and January 1978 (b)) with respect to the FAGth, BCFAGp and BCFAGs (Table 1). Data from Johnsen et al. (1980). 

Figure 7 

(a) Site location of gravity stations (black points) during the 1990 to 1996 gravity-height survey of Rymer et al. (1998) at Krafla caldera, Iceland and (b) observed g/h gradients during that period. 

(a) shows the cumulative residual gravity changes. The dashed line represents the outline of the hydrothermal system at Krafla and the shaded area indicates the surface location of the inferred Mogi source (modified after Rymer et al. 1998). See text for details. 

Figure 8

A sequence of simplified cartoons visualising subsurface magmatic processes during caldera subsidence leading to volcanic roof collapse. a) Injection of new magma into existing magma chamber. Surface inflation may or may not result depending on the availability of void space within the chamber. b) (Lateral) drainage of magma out of the chamber results in a mass decrease and creation of void space (overall density decrease). The elastic response of the country rock to magma withdrawal is downsagging of the surface. The overall density increases because void space is being closed during this process. c) Continual magma withdrawal associated with ongoing subsidence may lead to the failure of the country rock and slip of the chamber roof along fault planes. Roof collapse into the chamber may trigger volcanic eruptions if magma is channelled to the surface along the caldera faults. Gravity-height correlations for the processes displayed in b) and c) would fall in region III (Fig. 2) due to mass decrease and density increase during volcano subsidence. Note, the geometry of caldera faults was chosen according to results from analogue modelling of caldera formation (Walter and Troll 2001). 
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