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Lava flows have presented the greatest hazard to human property during the most recent eruptions of Hawaiian volcanoes, and lava fountains are a source of these lava flows. The height of Hawaiian lava fountains reflects the exsolved gas content of the magma that controls eruption intensity. However, fountain height is not always observed, so we sought a proxy to estimate fountain heights of eruptions that were older or otherwise unobserved. Here, methods are described to empirically derive a relationship between the modal diameter of vesicles within Pele’s tears and spheres and lava fountain height, using samples of Pele’s tears produced during the last eruptions of Kīlauea Iki (1959) and Mauna Ulu (1969). The tears used to develop these relationships were approximately 1 to 4 mm in diameter. Additionally, since lava fountains 50–580 m high were used, the relationships we describe may only describe lava fountains in this height range. The strongest empirical relation follows the trendline Hmax = −2575d + 820, where Hmax is maximum lava fountain height and d is modal vesicle diameter. This empirical relationship may be applied to sub-Strombolian eruptions of tholeiite basalt that were not directly measured or observed to assess long-term shifts in lava fountain heights and thus the exsolved gas contents of a volcanic system. While the same conceptual framework can be applied beyond Hawai’i, the quantitative empirical relation may be slightly different in different systems, depending on total dissolved volatiles, magma chemistry and other factors.
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INTRODUCTION
The Hawaiian hotspot (Wilson, 1963) produces tholeiitic basalts (MacDonald and Katsura, 1964) characteristic of the Hawaiian style of volcanic eruptions (Houghton et al., 2016), commonly erupted as lava fountains. In a lava fountain, pyroclasts are typically large enough to travel ballistically to fall back and be deposited proximally rather than becoming entrained in a convective plume (Head and Wilson, 1987). Those that are still incandescent upon ground impact form lava flows or collect in a pond or lava lake around the vent or weld into spatter ramparts (Capaccioni and Cuccoli, 2005). However, lava fountains can also produce finer ash and pyroclasts. These clasts can become entrained in the rising cloud of gases above the main lava fountain and are carried greater distances downwind (Parfitt and Wilson, 1999). While lava fountains are typically associated with Hawai’i, they have also been observed at volcanoes around the world, including those in Iceland, Italy, and Chile (Moune et al., 2007; Porritt et al., 2012; Romero et al., 2018). Bubbles grow within melt droplets during the eruption by diffusion and decompression of dissolved gas (Proussevitch et al., 1993; Proussevitch and Sahagian, 1998; Toramaru, 2014). At the vent, shear deformation and bubble bursting separates much of the gas from the melt. As such, lava fountains are driven by the steady discharge of magma and gas (Head and Wilson, 1987; Wilson et al., 1995), erupting as a two-phase flow of droplets of melt entrained in a gas phase (Housley, 1978), and show a wide range of eruptive heights reflecting exsolved gas content (Head and Wilson, 1987; Stovall et al., 2012; Romero et al., 2018).
Hawaiian lava fountains have been observed ranging from tens to hundreds of meters tall (Richter et al., 1970; Swanson et al., 1979; Lockwood et al., 1985; Head and Wilson, 1987; HVO, 2022), while Mount Etna in Italy and Volcán Villaricca in Chile have also been known to produce high lava fountains (Stovall et al., 2012; Romero et al., 2018). These high, continuously fountaining eruptions produce plumes with entrained clasts that result in widespread dispersal of tephra (Branca and Carlo, 2005). On the island of Hawai’i, the most recent eruption that caused high loss of property was the 2018 eruption of Kīlauea, which saw partial collapse of the summit caldera and effusive eruption of lava in the lower east rift zone. This eruption produced lava fountains of only 20–80 m in height, with the greatest hazard coming from lava flows (Patrick et al., 2019) While tephra dispersal from lava fountains does not always disrupt heavily populated areas, the destruction of forests adjacent to volcanoes and the risk posed to tourists (Swanson et al., 2979) highlight a practical need to understand the overall dynamics of lava fountains.
The main determinant of lava fountain height is the exsolved gas content from the melt (Head and Wilson, 1987; Wilson et al., 1995). Most eruptions of Hawaiian volcanoes since 1924, including those in the East Rift Zone near Kīlauea, were driven by type-II CO2-poor, H2O-rich gases (Gerlach, 1986). Gases such as CO2 and SO2 exsolve and escape while the magma still resides in the summit chamber, so that final ascent from the magma chamber and fountaining of lava is driven primarily by the exsolution of relatively more soluble H2O (Gerlach, 1986; Head and Wilson, 1987; Wilson et al., 1995; Kennedy et al., 2016). The depth of bubble nucleation and magmatic fragmentation for eruptions that produce lava fountains is highly variable between volcanic systems. Spectroscopy of gas from lava fountains on Mount Etna indicates that the fragmentation of the magmatic foam occurs at depths of up to 1.5 km (Allard et al., 2005). Estimates for depth of bubble nucleation in Hawaiian volcanoes such as Pu’u ‘Ō’ō are about 120 m or shallower, with fragmentation occurring near the surface due to ductile deformation of a magma still behaving as a liquid (Wilson et al., 1995; Mangan and Cashman, 1996; Sahagian, 1999; Giordano et al., 2008).
High lava fountains are produced when the gas phase and melt phase are well-coupled, behaving as a two-phase flow after fragmentation (La Spina et al., 2021). Exsolved gas content controls the elevation at which 90% of the erupted mass falls out of the eruptive column (Parfitt and Wilson, 1999). Head and Wilson (1987) used the heights of lava fountains produced during eruptions of Pu’u ‘Ō’ō in Hawai’i between 1983 and 1987 to estimate the amount of gas exsolved during the eruptions. Exsolution of 0.6–0.8 weight percent H2O drove the highest fountains, while more typical fountain heights were produced by exsolution of 0.4 weight percent H2O (Head and Wilson, 1987). However, it cannot be assumed that exsolution progresses to the point of chemical equilibrium at atmospheric pressure (0.6–0.8 bars, depending on vent elevation) before fragmentation of the magma, so there can still be exsolving gas within melt droplets within the lava fountains. Other factors that influence the total height of the lava fountain include the erupted mass flux, the vent geometry, and the amount of lava ponding above the vent (Head and Wilson, 1987; Wilson et al., 1995).
Lava fountains typically persist for less than an hour, but longer episodes do occur (Romero et al., 2018). Recent eruptions of Hawaiian volcanoes have displayed multiple lava fountaining episodes, separated by calmer periods of slower degassing and effusive eruption of lava (Stovall et al., 2012; Parcheta et al., 2013). Lava fountaining tends to grow in intensity and height during a fountaining episode, before ceasing abruptly (Head and Wilson, 1987). The lower fountain heights early in an episode are thought to be due to partial gas escape from magma still in the conduit between episodes, before more gas-rich magma is introduced from below for later portions of fountaining (Head and Wilson, 1987).
With the known link between lava fountain heights and exsolved gas content (Head and Wilson, 1987; Wilson et al., 1995), in addition to current understanding of complicating factors such as conduit shape and lava pond depth, it should be possible to assess the exsolved gas contents of eruptions that predate modern observation methods if a proxy for lava fountain height can be developed. Other information useful for modelling eruptions, such as exit velocity, may be deduced using this proxy as well. As the exsolved gas content increases, the exit velocity at the vent will increase (Housley, 1978). If the lava fountain height is known, the exit velocity can be calculated by (Housley, 1978; Head and Wilson, 1987):
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where H is the lava fountain height, ve is the exit velocity at the vent, and g is acceleration due to gravity. The exit velocity is equivalent to the sonic velocity of the two-phase flow of pyroclasts and gas exiting the vent and has been directly observed for recent eruptive episodes (Housley, 1978; Mangan and Cashman, 1996; Porritt et al., 2012). The eruptive velocities of flows that occurred before modern observations remain unknown, but can be calculated if lava fountain height is measured (Housley, 1978).
Previous work has used computer simulations of ash deposits and preserved lava flows to estimate exsolved gas content. For example, Parfitt and Wilson (1999) varied the exsolved gas content in their computational model until the output for ashfall deposits was similar to the observed ashfall associated with the 1959 eruption of Kīlauea Iki in Hawai’i, but they acknowledge that this method relies on large portions of the ashfall being preserved for observation. This could be unlikely in a volcanic system where active lava flows would cover large portions of the deposits from a previous eruption, or in cases where a large portion of the pyroclasts land in active lava flows as the eruption is taking place. Additionally, the application of this method is limited by the availability of field data on the exact thicknesses of ashfall and lava flows for all but a few eruptions (Parfitt and Wilson, 1999). These caveats lead to the need for an alternative method to assess lava fountain height.
Other studies qualitatively describe lava fountain heights using individual pyroclasts from deposits left behind after an eruption. For example, methods using individual pyroclasts have identified patterns in the total vesicularity and vesicle shape in reticulites from high, medium, and low lava fountains (Stovall et al., 2012; Parcheta et al., 2013). These patterns arise due to differences in ascent velocity in the conduit, with faster ascent (shorter times) allowing for less coalescence of bubbles and resulting in a greater number of bubbles of uniform size (Stovall et al., 2012; Parcheta et al., 2013). This relationship is an excellent tool which uses quantitative data to qualitatively describe lava fountain heights, but the qualitative classification of high, medium, or low lava fountains is too coarse a resolution to quantitatively determine the exsolved gas content of an eruption using methods described by Head and Wilson (1987) and Wilson et al. (1995). Additional studies have assessed the water content which remained dissolved in the glass phase of pyroclasts following eruptions and the oxidation ratios of the pyroclasts. Analysis of pumice from the 1959 eruption of Kīlauea Iki performed by Friedman (1967) showed an inverse relationship between lava fountain height and water content of the glass. Swanson and Fabbi (1973) arrived at a similar conclusion for pumice and lava originating in the 1969 eruption of Mauna Ulu. This is consistent with other results (Head and Wilson, 1987; Wilson et al., 1995) in that the partitioning between exsolved and dissolved gas controls fountain height for a given pre-eruptive dissolved water content. Swanson and Fabbi (1973) also discovered a positive correlation between lava fountain height and the oxidation ratio in pumice, with pumice from high lava fountains having a longer flight time and more opportunity to oxidize in flight. However, each of these relationships were identified using freshly erupted material. Hydration and oxidation reactions occurring after deposition could significantly alter the water content or oxidation ratios of the pyroclasts, so these methods are probably not useful for assessing lava fountain height in older, unobserved eruptions.
Pele’s spheres and tears
Pele’s spheres and tears are a type of basaltic clast associated with lava fountain eruptions in Hawaiian volcanoes (Porritt et al., 2012; Wygel et al., 2019), and may be a valuable tool for assessing lava fountain height. Pele’s tears are teardrop-shaped clasts that have been partially rounded by surface tension forces, while Pele’s spheres are typically a smaller variant that have been completely rounded (Figure 1; Moune et al., 2007; Porritt et al., 2012). In this paper, we will refer to Pele’s tears as also including the completely spherical Pele’s spheres.
[image: Figure 1]FIGURE 1 | (A) Examples of the external morphology of Pele’s tears and spheres. Smaller particles tend towards a more spherical shape, though there are exceptions. After Porritt et al. (2012). (B) An example of Pele’s spheres at the microscopic level. Scale bar is 100 microns.
Examples of Pele’s tears have been found at many other basaltic volcanoes such as Réunion, Etna, Masaya, and the Azores, among others (Moune et al., 2007; Porritt et al., 2012). Pele’s tears were even found on the lunar surface during the Apollo 15 and Apollo 17 missions, indicating that lava fountaining occurred during eruptions at some point in the moon’s distant past (Housley, 1978; Rutherford and Paolo, 2009). Pele’s tears can survive for prolonged periods in tephra deposits. On Hawai’i they have been identified in the ∼ 1600 year old Kulanaokuaiki tephra (Helz et al., 2014), while deposits up to 350 ka have been found in Australia (Boyce et al., 2014) and possibly tens of millions of years old in India (Siddaiah & Kumar, 2007).
Pele’s tears range widely in size. The smallest examples (<100 μm diameter) have been observed using scanning electron microscopes (Wygel et al., 2019), while the largest (several mm) can be observed with the naked eye. At diameters greater than 2 mm, Pele’s spheres generally grade into the irregular shapes of Pele’s tears (Figure 1; Porritt et al., 2012), but tear shapes can exist in smaller clasts as well.
The external morphologies of Pele’s tears are shaped by surface tension forces while they are still liquid within the column of hot erupting gases within the lava fountain. The temperatures inside lava fountains are greater than the glass transition temperature of basaltic lavas (about 650°C), allowing surface tension forces to act on droplets within the fountain (Porritt et al., 2012). The lava entrained in a lava fountain is nearly 1200°C (Ault et al., 1961), but the incandescent regions of Hawaiian lava fountains as a whole are about 900°C due atmospheric entrainment (Porritt et al., 2012). At 1200°C the surface tension of a basalt is approximately 0.36 - 0.38 N/m (Walker and Mullins, 1981). Figure 1 shows examples of the external morphology of some large Pele’s tears, and the smooth glassy exterior of these clasts is readily apparent in this image.
Bubbles form within Pele’s tears due to the diffusion of oversaturated volatiles in the melt phase (Zhang and Stolper, 1991; Proussevitch and Sahagian, 1996), resulting in vesicularities of approximately 30% (Porritt et al., 2012). Vesicles within Pele’s tears are typically perfectly spherical, regardless of the external shape of the clast (Moune et al., 2007; Porritt et al., 2012). Quenching must be rapid enough to cease bubble growth within the clasts; otherwise, sustained nucleation and bubble growth would cause fracturing and fragmentation of the tears (Porritt et al., 2012). Spherulites observed beneath the glassy crust of Pele’s tears may also be indicative of rapid quenching (Moyer and Sahagian, 2023). Quenching occurs due to a combination of radiative cooling and forced convection in cold atmospheric air (Mastin, 2007; Porritt et al., 2012; Namiki et al., 2021; Jones et al., 2022).
Using vesicle properties to constrain lava fountain heights
Given the widespread occurrence of Pele’s tears, we suggest using them as a tool to calculate lava fountain height and exsolved gas content. This proxy method is not restricted by the problems associated with previous methods of estimation and should yield quantitative estimates of lava fountain heights, and therefore the exsolved gas content of the melt. We examined vesicles within Pele’s tears from observed eruptions and obtained an empirical relation with lava fountain height. Ultimately, in instances where the fountain height can be estimated and conduit width and lava ponding depth are known or estimated, the exsolved gas content of the magma could be calculated using the relationships developed here in conjunction with the findings of Head and Wilson (1987) and Wilson et al. (1995), providing insight into the long-term trends and possibly the future eruption dynamics of a specific basaltic volcanic system.
METHODS
Sample collection
Samples of Pele’s tears from deposits associated with recent Hawaiian eruptions of Kīlauea Iki (1959) and Mauna Ulu (1969) were targeted for the purposes of this study because they have well-documented lava fountain heights and erupted tephra is readily available for study (Richter et al., 1970; Swanson and Fabbi, 1973; Swanson et al., 1979; Porritt et al., 2012; Parcheta et al., 2013). In general, we focus on Pele’s tears produced from lava fountains with relatively steady heights. Samples were collected from permitted pits dug at several locations proximal to the vents of each volcano. Samples from Kīlauea Iki were collected from two sample pits and samples from Mauna Ulu were collected from four sample pits (Figure 2). At least ten samples per layer were collected when practicable. In instances when intact tears were unavailable or numbered few, fragments of tears were collected instead. The stratigraphy of each sample pit was recorded and compared with the findings of Stovall et al. (2012) and Parcheta et al. (2013) so that samples could be correlated to the lava fountaining episode of the eruption which produced them.
[image: Figure 2]FIGURE 2 | Locations of sample pits used to collect Pele’s tears produced during eruptions of Kīlauea Iki (left) and Manua Ulu (right). Basemap from Google Maps satellite imagery.
Assessment of tephra deposits and corresponding lava fountain episodes
Two sample pits were dug in tephra associated with the 1959 eruption of Kīlauea Iki. Each of these pits contained a layer several centimeters thick which was rich in Pele’s tears approximately 50–60 cm below ground surface. Stovall et al. (2012) indicate this as the boundary between lava fountaining episodes 15 and 16 of the eruption. The material below this layer is believed to have originated in lava fountaining episode 15, while everything above the base of the layer rich in Pele’s tears was produced in lava fountaining episode 16. Lava fountaining episode 17 of the 1959 eruption only produced low lava fountains (Stovall et al., 2012), so material from that episode would not have been transported ∼600 m to the sample pits dug for this study.
Pele’s tears from the first fountaining episode of the 1969 eruption of Mauna Ulu were collected from a singe sample pit. This episode was a fissure style eruption (Swanson et al., 1979; Parcheta et al., 2012; Parcheta et al., 2013). While fissure style eruptions can have great variation in fountain height along strike, this episode only reached a maximum height of 50 m (Swanson et al., 1979; Parcheta et al., 2012; Parcheta et al., 2013) and was the lowest fountaining episode we examined. For unobserved eruptions, variation in fountain height along strike may also be a variable which cannot be determined. For these reasons we treated Mauna Ulu episode 1 as a basic fountain with a maximum height of 50 m.
Tephra deposit maps presented by Parcheta et al. (2013) indicate that Pits MU-2, MU-3, and MU-4 should contain material from Mauna Ulu 1969 episode 10. Since episode 10 was only 30 m high, the only tephra that could have been carried 1.6 km to the sample pits by the wind would have been Pele’s hair associated with gas bursts during this stage of the eruption (Swanson et al., 1979). Examination of the bulk samples collected from depths just above the characteristic deposits of episode 9 (Parcheta et al., 2013) show that this layer is devoid of Pele’s hair, leading to the interpretation that episode 10 is not represented in these sample pits. Rather, Pele’s tears collected in the next layer above episode 9’s deposits correspond with episode 11, which had a much greater fountain height of approximately 300 m (Swanson et al., 1979). Specific sample locations and notes are indicated in photographs of the sample pits included in Supplementary Material.
A similar analysis can be applied to Mauna Ulu 1969 episode 12. Swanson et al. (1979) break this episode into two distinct phases, episodes 12A and 12B, separated by approximately 4.5 h of calmer eruptive behavior. Given that episode 12A only produced lava fountains 75 m high (Swanson et al., 1979), it is unlikely that Pele’s tears would be carried the approximate 1.6 km to the sample pits that were dug for this study. On the other hand, episode 12B’s lava fountains were measured at 390 m (Swanson et al., 1979). Therefore, the uppermost deposits from sample pits MU-3 and MU-4 are considered to have originated in episode 12B.
Vesicle imaging and stereology
Pele’s tear interiors were imaged using X-ray CT scanning techniques. Generally, Pele’s tears with long-axis diameters less than 4 mm were selected for analysis. This screening of sample size served the purpose of removing an additional variable from the dataset. Samples were mounted for scanning using methods described by Cooperdock et al. (2019), and were scanned on a Zeiss Xradia 620 Versa scanner in the University of Texas at Austin’s High-Resolution X-ray CT Facility. This method reduced each set of Pele’s tears into about 1300 individual slices (plus or minus 100 slices for any given set), each comparable to a thin section (Figure 3). Each slice is approximately 3 microns (1 voxel) thick. Vesicles and phenocrysts are easily identified in these slices of tears from ten different lava fountaining episodes. CT scans made it possible to perform multiple stereological analyses for each sample.
[image: Figure 3]FIGURE 3 | A single CT slice of Pele’s tears from Pit KI-2, depth 70–75 cm. Phenocrysts are visible as polygonal areas which are slightly lighter gray and lack vesicles. Interconnected vesicles must be separated for stereological analysis in order to calculate total vesicularity, bubble number density (BND), and vesicle volume distribution (VVD). Scale bar is 1 mm.
Stereology was performed on CT slices using the FOAMS Matlab program (Shea et al., 2010), which is based on methodology deveoloped by Sahagian and Proussevitch (1998). Photoshop was used to edit the slices before they were fed into FOAMS, using methods described by Shea et al. (2010). Interconnected vesicles were manually separated so that they would not be counted as one large vesicle, which would result in incorrect binning and vesicle volume distributions (VVDs). Phenocrysts were given the same grayscale value as the vesicles and background but connected to the background through the glass matrix by use of a thin line (Figure 4). This way, they would not be recognized as objects by FOAMS since they were not completely surrounded by glass (Shea et al., 2010), and would thus not be included in the vesicle area calculations.
[image: Figure 4]FIGURE 4 | Examples of phenocrysts identified using methods described by Shea et al. (2010) (left), and by connecting them with the background so they would be excluded from area calculations (right).
FOAMS was then used to define what grayscale value constituted a vesicles in each slice, before automatically calculating the three-dimensional vesicularity. We used a three voxel vesicle diameter as a minimum threshold for FOAMS analysis. Analysis was performed using the program’s built-in autonormalization function. This produced vesicle volume distributions, bubble number densities and total vesicularity values for each of the slices analyzed. 62 representative slices were chosen to be edited for analysis using FOAMS. The slices selected for analysis were concentrated near the equators of the tears so that their full interiors would be represented. 87 tears were represented in these slices. The original and edited slices are included in “Supplementary Material.”
Empirical relationships between Pele’s tear vesicularity, bubble number density, modal vesicle diameter and fountain height
Mean lava fountain height and maximum lava fountain height were considered for the development of the empirical relationships (Table 1). The maximum fountain heights of each fountaining episode from the 1959 eruption of Kīlauea Iki and the 1969 eruption of Mauna Ulu are all well-documented (Richter et al., 1970; Swanson et al., 1979; Stovall et al., 2012; Parcheta et al., 2013). Mean lava fountain height was estimated using the chronological narratives of each eruption published by the USGS (Richter et al., 1970; Swanson et al., 1979). For most lava fountaining episodes, clear timing of the lava fountain heights are indicated (Richter et al., 1970; Swanson et al., 1979). In some instances, however, few values are provided and the uncertainty of the mean height is greater as a result. Unless noted otherwise in the reports, shifts in lava fountain height were treated as increasing or decreasing linearly with time between reported values.
TABLE 1 | Fountaining episodes represented by the tears examined in this study.
[image: Table 1]In addition to quantifications of total vesicularity and bubble number density (BND), vesicle volume distributions (VVDs) were also generated using FOAMS. The VVDs were plotted by FOAMS as histograms showing bins of equivalent vesicle diameter plotted as volume fraction of the total vesicularity (Figure 5; Shea et al., 2010). The bins of these histograms are geometric rather than linear so that very small bubbles are not excluded, as these are otherwise lost to noise in linearly distributed VVDs (Sahagian and Proussevitch, 1998; Shea et al., 2010). For each sampling pit stratigraphic depth, the VVDs of individual slices were combined and averaged to create a smoothed distribution of vesicle diameters for tears from each slice set (Supplementary Material). Using these smoothed histograms, the vesicle diameter for the bin that occupied the greatest volume fraction of each sample set was identified. Since FOAMS plots VVDs as volume fraction of bin sizes of equivalent diameter, the modal bin size represents vesicles of the diameter that take up the greatest volume fraction of a given tear. The modal vesicle diameter was selected rather than the mean vesicle diameter because the mean vesicle diameter can be unduly influenced by the presence of one or two large vesicles, while the mode is more robust (Sahagian et al., 2002; Sahagian and Proussevitch, 2007).
[image: Figure 5]FIGURE 5 | An example of combined VVDs for a single slice set from Pit MU-3 depth 37–39 cm. The VVDs resulting from each individual slice are listed in the Individual VVDs panel (inset). To generate a VVD of the combined set, the mean volume fraction of each bin diameter was taken and used to generate the large, combined histogram. In this example, the combined histogram shows that the bin with the greatest cumulative volume had an equivalent diameter of 0.1995 ± 0.017 mm.
Maximum lava fountain height and mean lava fountain height were plotted as a function of total vesicularity, bubble number density, and modal vesicle diameter (Figures 6–8). Type-1 linear regressions were performed to fit trendlines through each dataset. The equation of each trendline was then considered as a candidate of an empirical relationship that could be used to assess lava fountain height based on corresponding vesicle parameters. The R2 values of the trendlines were used to perform two-tailed t-tests for significance of the correlation.
[image: Figure 6]FIGURE 6 | Linear regression of maximum lava fountain height as a function of bubble number density, Nvcorr (number per mm3, corrected for vesicularity), using vesicles found in Pele’s tears from the 1959 eruption of Kīlauea Iki (squares) and the 1969 eruption of Mauna Ulu (circles). Standard error was calculated using the bubble number density of each slice in a sample set. R2 = 0.37.
[image: Figure 7]FIGURE 7 | Linear regression of maximum lava fountain height as a function of modal vesicle diameter (solid line), using vesicles in Pele’s tears collected from tephra deposits associated with the 1959 eruption of Kīlauea Iki (squares) and the 1969 eruption of Mauna Ulu (circles). Standard error was calculated using the modal vesicle diameter for each slice in a sample set. Dotted lines represent bounds of 95% confidence. R2 = 0.55.
[image: Figure 8]FIGURE 8 | Linear regression of mean lava fountain height as a function of modal vesicle diameter, using vesicles in Pele’s tears collected from tephra deposits associated with the 1959 eruption of Kīlauea Iki (squares) and the 1969 eruption of Mauna Ulu (circles). Standard error was calculated using the modal vesicle diameter for each slice in a sample set. Vertical error was estimated using variations in the lava fountain heights indicated by Richter et al. (1970) for Kilauea Iki and by Swanson et al. (1979) for Mauna Ulu. R2 = 0.45.
The standard error of the total vesicularity values was calculated for the slice set for each sample scan. To propagate error of bubble number density and the modal vesicle diameter, the calculated bubble number density and modal diameter of each slice for a given set was used to calculate the standard error of the whole set. For the empirical relationships which calculate maximum fountain height, no error was propagated to the reported maximum fountain height values, since no error was reported by Richter et al. (1970) or Swanson et al. (1979). In the case of mean fountain height, error was calculated using the variations in fountain heights indicated in the USGS reports (Richter et al., 1970; Swanson et al., 1979).
RESULTS
We tested the hypothesis that there is a strong correlation between the vesicle parameters of Pele’s tears and observed lava fountain height. More specifically, we expected that there would be more and larger vesicles in Pele’s tears from high lava fountains than from low lava fountains, following from previously determined correlations between exsolved gas content and fountain height (Head and Wilson, 1987; Wilson et al., 1995). However, we found that the opposite was actually the case.
Bubble number density calculated from individual slices ranged from to 1410 per cubic millimeter to 7040 per cubic millimeter, and the mean bubble number density for slice sets ranged from 2700 per cubic millimeter to 6601 per cubic millimeter. When plotted against the corresponding maximum lava fountain heights through a type-1 linear regression, there is a positive correlation (R2 = 0.37) described by:
[image: image]
where Hmax is maximum fountain height in meters and n is bubble number density per cubic millimeter (Figure 6). A two-tailed t-test indicates that the correlation between bubble number density and lava fountain height is significant at a 95% confidence interval (p = 0.048). These results align with those of previous studies on lava fountain vesiculary (Stovall et al., 2102),
The vesicle volume distributions of Pele’s tears from these eruptions generally show a distribution which favors large vesicles (Figure 5, Supplementary Material), indicating that nucleation of bubbles was continuous and accelerating (Shea et al., 2010). Many of the vesicle volume distribution histograms for individual slices also show a secondary peak of larger vesicles, which may be indicative of large, pre-eruptive bubbles. However, these secondary peaks can be indicative of different bins of equivalent bubble diameter for different slices of a set. When the VVD histograms of a sample set were combined to identify the modal vesicle diameter, these secondary peaks became much less pronounced, but usually did not disappear entirely. Modal vesicle diameters (corresponding to bin with greatest cumulative volume) range from 0.11 to 0.25 mm (Table 2).
TABLE 2 | Vesicularity, bubble number density, and modal vesicle diameters measured in Pele’s tears examined here.
[image: Table 2]When using modal vesicle diameter to plot maximum lava fountain height, a negative trend between fountain height and increasing values is apparent, indicating that low lava fountains produced Pele’s tears with a larger modal vesicle diameter than tears from high fountains. The R2 value for this correlation is 0.55, and the two-tailed t-test indicates that the correlation is significant at a 95% confidence interval (p = 0.009). The equation of the line produced by this type-1 linear regression is:
[image: image]
where d is modal vesicle diameter and once again Hmax is maximum lava fountain height (Figure 7). By this linear relationship the predicted maximum fountain height for these Hawaiian eruptions is 820 m.
When mean lava fountain heights are considered, there is no obvious correlation with bubble number density (see Supplementary Material). For modal vesicle diameter, a negative trend is still apparent, albeit with a smaller R2 value of only 0.45. A two-tailed t-test for this correlation indicates that it is significant at 95% confidence (p = 0.02). The equation for this trendline is:
[image: image]
where Hmean is mean lava fountain height and d is modal vesicle diameter (Figure 8).
Total vesicularity of the samples in individual slices ranged from 25.0% to 43.9%, while the mean total vesicularity for slice sets ranged from 28.2% to 39.5% (Table 2). The vesicularity of individual slices is included in Supplementary Material. The mean vesicularity for the tears collected from each sample depth was plotted against both the maximum and mean lava fountain heights of the corresponding eruption, and type-1 linear regressions were performed. No strong correlation was evident in these regressions. The results of these regressions are included in the Supplementary Material.
DISCUSSION
Contrary to our original expectations, we found that modal vesicle diameter decreases with increasing lava fountain height. It had been hypothesized that as more water exsolved from the melt to drive high lava fountaining, more and larger vesicles would be preserved within Pele’s tears because of this increased exsolution. Had this been the case, a positive correlation between modal vesicle diameter and lava fountain heights would result. The linear regressions performed here instead demonstrate the opposite. We interpret this to mean that as more volatiles exsolve to drive high lava fountains, less volatiles remain dissolved to produce syn-eruptive bubbles within Pele’s tears themselves, hence the higher BND and lower modal vesicle diameter. This is consistent with the lower dissolved water content in glasses from high lava fountains observed by Swanson and Fabbi (1973). It is also comparable with the results for more energetic eruption columns (Toramaru, 2006; Genareau et al., 2013). The relationship between modal vesicle diameter found using the VVD distributions and lava fountain height follows a trend like that of total vesicularity and fountain height, albeit with a stronger correlation and greater statistical significance because the modal vesicle diameter is less dramatically influenced by the presence of one large bubble than total vesicularity would be (Sahagian and Proussevitch, 2007).
We suggest the following reconstruction of events inside lava fountains that produce Pele’s tears (Figure 9). First, the nucleation and growth of pre-eruptive bubbles triggers magma ascent. At depths of less than 120 m (Wilson et al., 1995; Mangan and Cashman, 1996; Sahagian, 1999), these pre-eruptive bubbles have grown to the point where the ascending magma fragments from a foam (continuous liquid phase) into a two-phase flow of gas and entrained melt droplets (continuous gas phase) (Housley, 1978). Depending on strain rates at the vent, fragmentation may occur as a brittle material (Namiki et al., 2021), but post-fragmentation in the lava fountain, sufficient time is available for ductile relaxation (Porritt et al., 2012). As the droplets are rounded by surface tension, decompression to atmospheric pressure triggers further nucleation of syn-eruptive bubbles within them. Droplets that remain inside the lava fountain for a prolonged period become scoria or reticulite as the bubbles expand and further fragment the droplets (Porritt et al., 2012). Droplets that exit the fountain before further fragmentation are rapidly cooled below their glass transition temperature and are preserved as Pele’s tears (Porritt et al., 2012). If a low fraction of dissolved volatiles exsolve during the ascent of the magma (low lava fountain), then a comparatively high amount of water remains dissolved when the melt droplets reach the surface. This promotes the nucleation and growth of more syn-eruptive bubbles, and increases the likelihood of a few large, pre-eruptive bubbles becoming preserved in Pele’s tears as well. Therefore, Pele’s tears from these low lava fountains have large modal vesicle diameter (∼0.2–0.25 mm). Conversely, when a greater amount of gas exsolves and drives high lava fountains, there is a greater amount of fragmentation within the conduit that will destroy most of the large pre-eruptive bubbles. Because of the greater exsolution in the conduit there is less gas remaining to exsolve within the melt droplets in lava fountain itself and there are fewer syn-eruptive bubbles that nucleate and grow within Pele’s tears. These tears have smaller modal vesicle diameter (∼0.1–0.15 mm).
[image: Figure 9]FIGURE 9 | Conceptual cartoon of vesiculation in Pele’s tears from high lava fountains versus low lava fountains. At stage 1 each conduit contains magma with the same concentration of dissolved volatiles. At stage 2, volatiles have begun to exsolve from the magma into bubbles (Wilson et al., 1995; Mangan and Cashman, 1996). The conduit that will produce a high lava fountain sees more volatiles exsolve than the conduit that will produce a low lava fountain, so it has larger bubbles and less water remaining dissolved in the magma at stage 2. After the magmatic foam fragments and generates a lava fountain (Housley, 1978) syn-eruptive bubbles form within Pele’s tears at stage 3. Since there was more water still dissolved in the melt in the low lava fountain, more large bubbles form in Pele’s tears here than in high lava fountains. Consequently, Pele’s tears from low lava fountains are more vesicular and have larger modal vesicle diameters than tears from high lava fountains.
The modal vesicle diameter of a set of Pele’s tears from an eruption can therefore be used to assess the maximum lava fountain height of the eruption using Eq. 3. Eq. 2 (bubble number density) and Eq. 4 (modal vesicle diameter to describe mean lava fountain height) yield less robust results than Eq. 3. We suggest that mean fountain height is not a meaningful measure, as it can be influenced by potentially undocumented periods of relative quiescence, while maximum height is determined by the exsolved gas that drives the eruption and is reflected in the relative lack of syn-eruptive bubble growth within Pele’s tears. Further, most of the sample pits dug for this study were at least 600 m from the source vent, so it is likely that only tears from the highest fountains were transported these distances and are more representative of periods of maximum fountain heights. Further sampling from more proximal pits would be required to see if there is tighter correlation with mean fountain heights in tears at these sites. However, maximum lava fountain height is the more relevant quantity to assess because it reflects the exsolved gas content of magma which did not undergo significant degassing in the conduit prior to eruption. Head and Wilson (1987) highlighted that lava fountains tend to grow in intensity during an eruption until maximum height is reached since the first lava to erupt usually has some residence time in the conduit to degas before reaching the surface. Ponding lava at the vent can also decrease the total height of the lava fountain (Wilson et al., 1995). We posit that the maximum lava fountain heights are attained when lava that is most representative of the magma driving the eruption is ascending and at a time when ponding at the vent is at a minimum. This makes the period of highest fountaining during an episode the most indicative of the exsolved gas content of the magma and thus the pre-eruptive volatile content, so the maximum height is the most pertinent parameter. Further, for application of Eq. 3 to ancient or otherwise unobserved lava fountains (the primary application of this paper), ponding information will also not be available, and must be relegated to a potential source of error, that can be minimized by consideration of maximum height rather than average height.
Comparison of stereology and 3D image analysis methods
FOAMS was used to perform stereology on Pele’s tears since editing individual slices for analysis would be the easiest way to exclude phenocrysts from the vesicularity and bubble number density calculations. Using individual slices also mimicked using thin sections, which some researchers may prefer to use instead of CT scanning to reduce analysis costs. To show that the results returned by FOAMS are approximately equal to analysis of the full stack of slices for each sample set, we performed an analysis of the bubble number density sample set MU-3, 26–28 cm. To do this, we used the free software package, ImageJ. To process the sample stack, the image sequence was imported and the scale was set to 20%. The x and y scale was also set to 0.2 to make the image files easier to work with. The 16-bit image files were converted to 8-bit files to reduce the computational power needed to process them. Next, a 3D watershed split program was performed to separate interconnected vesicles, and the newly separated vesicles were counted and measured using the 3D ROI manager. Both the 3-D watershed split and the quantification used the 3D ImageJ Suite, and these steps are recorded in a macro included in the Supplementary Material. This method identified 6867 total vesicles present in the stack, with a volume of approximately 0.7 mm−3. Since ImageJ calculated the volume of the tears and vesicles in this stack was approximately 1.8 mm−3, this equates to a total vesicularity of 36.4% and a bubble number density of 3721 per mm3, which is approximately equal to the vesicularity of 31.8% and the BND of 3375 per mm3 calculated using FOAMS. Both these bubble number density values are uncorrected for vesicularity since the values of BND and vesicularity are so similar. Modal diameters are also similar (most frequently occurring diameter was within one bin diameter), so the more practical use of stereology through schemes such as FOAMS is recommended when resources are limited for the full 3D analysis.
Other considerations
When considering total vesicularity, if the first lava fountaining episode of the 1969 eruption of Mauna Ulu is excluded as an outlier, a weak negative trend (p = 0.07) emerges between total vesicularity and maximum lava fountain height. With maximum lava fountain heights of only 50 m, this episode was much lower than other lava fountains which produced Pele’s tears with similar vesicularities. Since this episode was the first fountaining episode of the eruption, we believe that the magma had a slower ascent to the surface and was able to degas as it approached the surface, with less H2O remaining to exsolve and drive high fountaining at the time of eruption. The H2O which remained dissolved in the melt was able to produce some syn-eruptive bubbles upon exit from the vent, producing Pele’s tears with comparatively low vesicularity values. The situation was likely further complicated due to the fissure-eruption style of this lava fountain episode and lava ponding above the vent (Swanson et al., 1979; Parcheta et al., 2012; Parcheta et al., 2013).
Weathering reactions have probably not altered Pele’s tears to the point that the empirical relationships developed here would significantly influenced. Examination of ash from several volcanoes by Wygel et al. (2019) indicated that microscopic samples of Pele’s spheres had their surface areas altered minimally during chemical leachate experiments, due to the lack of angular edges. With minimal change of surface area, the interiors of Pele’s tears should also not be significantly altered. While oxidation stains on a few tears examined here (typically within the five uppermost centimeters of each sample pit) indicate that some chemical weathering has taken place, the CT scans of the tear interiors show that this alteration is restricted to the exposed surfaces of the tears. Regardless, the process of manually separating interconnected vesicles before performing stereology (see methods) will correct for most internal weathering of the vesicles in all but the most degraded of Pele’s tears.
Limitations of the empirical relationships
The empirical relationships developed by this study are currently applicable to tholeiite basalt eruptions and Pele’s spheres and tears of a few mm in size. Using the y-intercept value of Eq. 3, the theoretical maximum height a lava fountain can obtain is 820. In Hawaiian volcanoes this seems like a reasonable estimate, since the highest contemporarily observed lava fountain heights in Hawai’i were approximately 580 m (Richter et al., 1970; Porritt et al., 2012; Stovall et al., 2012). Lava fountains from other volcanic systems with different magma chemistries have been observed to be higher. For instance, Chile’s Volcán Villaricca has produced lava fountains up to 1.5 km tall, but the magma which produced these lava fountains had a basaltic andesite composition (Romero et al., 2018). The differences in magma composition and the quantity of dissolved volatiles present in that eruption were probably able to produce lava fountains higher than those predicted possible by the empirical relation we develop here, which use Pele’s tears of a dry basaltic composition (Head and Wilson, 1987). An “effusive” eruption style is also the only kind described by these relationships; Strombolian or more violent activity cannot be modeled by the methods described here. The empirical relationship developed here can be applied to other basaltic systems such as Iceland and the Canary Islands. While the same conceptual framework can be applied elsewhere, the quantitative empirical relation may be slightly different in different systems, depending on total dissolved volatiles, magma chemistry and other factors. The empirical relationships we have developed here were made using Pele’s tears approximately one to 4 mm in diameter. Since we do not have data using smaller or larger tears, use of Pele’s tears outside that size range to assess lava fountain height may yield different results. Tears of this size range are fairly common in most deposits we observed.
CONCLUSIONS
We have developed a tool which can be used to assess lava fountain height of unobserved eruptions of Hawaiian volcanoes, using vesicle parameters of Pele’s tears. This tool involves empirical relationships capable of describing maximum lava fountain height using either total vesicularity or modal vesicle diameter. Eq. 3 may be used with modal vesicle diameter to calculate maximum lava fountain heights with 95% confidence. We suggest that the maximum lava fountain height is most indicative of the original volatile content of the magma, while the mean lava fountain height is variably influenced by periods of relative quiescence during the eruption. The Pele’s tear method is advantageous in that it requires only a few samples, and these can be collected by methods requiring minimal ground disturbance within sensitive areas such as national parks and fragile ecosystems. The methods required for analysis are inexpensive and require little in terms of computational power. Costs can further be reduced by use of thin sections for image acquisition rather than X-ray CT scans. When estimates of lava fountain height are obtained by these methods, they can be used to estimate the exsolved gas content of an eruption using the methods described by Head and Wilson (1987) and Wilson et al. (1995).
The empirical relationships between total vesicularity or modal vesicle diameter and maximum lava fountain height developed here may also be further refined and extended using Pele’s tears from other volcanoes. Volcanic systems that tap magmas from an ocean island basalt reservoir stand the greatest chance of being explained by this relationship, but Pele’s tears from other volcanoes will probably follow comparable trends. We hope that others will use the methods we developed here to analyze lava fountain heights of ancient volcanic eruptions so that long-term trends in the exsolved gas content of different volcanic systems may be assessed. This may allow for long-term trends to be identified, should they exist, and potentially aid in the modelling of future eruption intensity and prediction of future hazards.
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MU-3,26-28 320 12 5212 355 0149 0015
MU-2,7-8 22 15 2891 114 0149 0046
*MU-3,16-18 312 19 ' 2840 129 0178 ‘ 0033
*MU-36-8 323 13 3318 220 0149 0056
MU-3,0-2 321 11 2701 235 0188 0010
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Eruption Fountaining Representative  Mean m Max. Reference

episode Pele's tears fountain Reported
(Pit #, depth)  height x (m! height (m)
(cm)

Kilauea Iki, 1959 15 KI-2,70-75 296 10 580 Richter etal. (1970)

Kilauea Iki, 1959 16 K1-2,0-5 193 5 460 Richter etal. (1970)

Mauna Ulu, 1969 1 MU-1,0 25 25 50 Swanson etal.
(1979)

Mauna Ulu, 1969 5 MU-4,50-52 357 3 375 Swanson etal.
(1979)

Mauna Ulu, 1969 6 MU-3,37-39 75 75 150 Swanson etal.
(1979)

Mauna Ulu, 1969 7 MU-3,31-33 110 9 330 Swanson et al.
(1979)

Mauna Ulu, 1969 8 MU-3,26-28 331 2 400 Swanson et al.
(1979)

Mauna Ulu, 1969 9 MU-2,7-8 336 5 540 Swanson etal.
(1979)

Mauna Ulu, 1969 11 MU-3,16-18 223 4 300 Swanson etal.
(1979)

Mauna Ulu, 1969 1 MU-36-8 23 4 300 Swanson etal.
(1979)

Mauna Ulu, 1969 128 MU-3,0-2 148 4 390 Swanson etal.
(1979)

« Mean fountain height was determined by interpolation between documented fountain heights and times within each eruptive phase (Richier et al. 1970; Swanson et al, 1979). A linear
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