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Abstract 28 

The eruptive activity of Kīlauea Volcano (Hawai‘i) in the past 2,500 years has alternated 29 

between centuries-long periods dominated either by explosive or effusive eruptions. The 30 

onset of explosive periods appears to be marked by caldera collapse events at the 31 

volcano’s summit accompanied by draining of Kīlauea’s magmatic plumbing system. 32 

Here we leverage >1800 olivine forsterite (Fo), >900 glass MgO contents, and estimated 33 

magma supply rates from the past six centuries to describe the relationships between 34 

summit collapse and the composition of erupted material. On a first order basis, the major 35 

element chemistry of the centuries-long eruptive periods largely originates from 36 

fundamental differences between fractional crystallization of shallowly stored magmas 37 

during high-supply effusive-dominated periods versus little evolution of mafic recharge 38 

magmas during low-supply explosive-dominated periods. The modern effusive period 39 

(1820s-present) is dominated by relatively evolved olivine forsterite contents (Fo81-82) for 40 

Kīlauea, which is interpreted to reflect a buffered crustal reservoir system in which 41 

shallow storage and fractional crystallization control the composition of magmas. In 42 

contrast, olivine crystals from the explosive Keanakāko‘i Tephra (1500 - early 1800s 43 

C.E.) are dominated by higher olivine forsterite contents (Fo89) which are interpreted to 44 

reflect more primitive compositions, are correlated with high-MgO glass compositions 45 

extending to high values (e.g.,11.0 wt%), and show signs of magma mixing (zoned 46 

olivine, bimodal Fo populations). These signatures reflect a disrupted reservoir system in 47 

which high-MgO recharge melts mix with melts left over from draining of the shallow 48 

(<5 km) magma plumbing.  49 

Superimposed on these explosive-effusive periods are three decades- to centuries 50 

long periods of progressively evolving olivine and glass compositions. Eruptions that 51 

occur after caldera collapse in ~1500 C.E. and smaller scale crater collapse events in 52 

1790 (inferred) and 1924 have heterogeneous olivine populations dominated by ≥Fo88 53 

and typically high MgO glasses. These compositions reflect inefficient mixing of stored 54 

and primitive recharge magmas after the disruption of the shallow plumbing system. 55 

After these collapses, olivine Fo and glass MgO subsequently evolve to <Fo82 and <7.0 56 

wt% compositions, reflecting the recovery of the crustal plumbing system to an end-57 

member system state characterized by efficient mixing of recharge and stored magmas 58 
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that serve to buffer the shallow magma reservoirs. These evolved signatures suggest that 59 

a mature and buffered reservoir system may be a key condition for significant disruptions 60 

of volcanic plumbing systems. Plumbing system recovery is slower following large-scale 61 

caldera collapse (hundreds of years) compared to recovery following smaller caldera or 62 

crater collapse (tens of years), which may be modulated by differences in magma supply 63 

rates. Following the 2018 crater collapse olivine populations have high-Fo but glasses are 64 

low MgO, suggesting that this collapse might have disrupted shallow magma pathways 65 

but not strongly impacted the reservoir(s). Ultimately, olivine and glass major element 66 

chemistry record the impacts of caldera and smaller but significant summit crater collapse 67 

events at Kīlauea and could be used to provide a framework for better characterizing 68 

long-term volcano evolution in Hawai‘i and shield volcanoes elsewhere. 69 

 70 

1. Introduction 71 

Kīlauea is a shield volcano renowned for its frequent eruptions and dominated, since 72 

western missionaries arrived in 1823 (Ellis, 1827) by effusive activity, generally within 73 

the summit caldera or on rift zones radiating east and southwest from the summit (e.g., 74 

Tilling and Dvorak, 1993). Current understanding of Kīlauea’s recent eruptive history 75 

indicates that centuries-long periods of dominantly explosive eruptive activity occur 76 

alternating with intervals of dominantly effusive eruptions, such as those that  of the 77 

modern period (Swanson et al., 2012, 2014; Swanson and Houghton, 2018). The 78 

transition from effusive to explosive periods appears to be punctuated by large-scale 79 

caldera collapse (km across in scale), which has occurred at least twice in the past 2,500 80 

years and is thought to be related to the emptying of the summit reservoir system 81 

(Powers, 1948; Holcomb, 1987; Swanson et al., 2012; Figure 1). The most recent large-82 

scale caldera collapse and subsequent explosive period began ~1500 C.E., following the 83 

60-yr long ‘Aila‘āu eruption (1410-1470 C.E., Clague et al., 1999;  Swanson et al., 2012; 84 

Figure 1). Significant but smaller scale summit collapse events (<km in scale) have 85 

occurred several times since the formation of the modern summit caldera, the most recent 86 

and largest of which was synchronous with the 2018 lower East Rift Zone (LERZ) 87 

eruption (Neal et al., 2019).  88 
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The impact of summit collapse on the volcano’s shallow (<5 km) magmatic 89 

plumbing system (regions of magma accumulation, or reservoirs, and pathways between 90 

them and the surface) should be recorded in the compositions of erupted melts and their 91 

crystal cargo (e.g., Gavrilenko et al., 2016). Lavas recording Kīlauea’s past six centuries 92 

of eruptive activity are thus ideal for studying the effects of caldera and crater collapse 93 

events, in part because Hawaiian tholeiites crystallize only spinel and olivine for >100 °C 94 

below the liquidus (Wright and Okamura, 1977; Wright and Peck, 1978; Montierth et al., 95 

1995) and the Fe-Mg contents of olivine and glasses typically reflect the degree of 96 

magmatic evolution via crustal processes (e.g., fractional crystallization, magma mixing, 97 

shallow storage; Wright and Fiske, 1971; Wright et al., 1975; Wright and Tilling, 1980; 98 

Helz, 1987; Helz and Wright, 1992; Wright and Helz, 1996). Additionally, samples of 99 

most Kīlauea eruptions show Fe-Mg disequilibrium between olivine cores that are too 100 

high in Fo to be in Fe-Mg equilibrium with their host melts (e.g., Maaløe et al., 1988; 101 

Garcia et al., 2003; Lynn et al., 2017a, 2017b; Garcia et al., 2018; Wieser et al., 2019) 102 

indicating that olivine Fo and glass MgO each record critical but different information 103 

about magmatic histories. Thus, using both olivine Fo and glass MgO provides a simple 104 

but effective means to broadly describe magmatic histories, allowing one to contrast the 105 

character of the magma plumbing system before and after collapse events. Many new 106 

studies on the Keanakāko‘i Tephra (ca. 1500 - early 1800s C.E.; Swanson et al., 2012), 107 

Kīlauea’s most recent explosive period, have also more than doubled our knowledge of 108 

the volcano’s summit eruptive history (e.g., Swanson et al., 2014; Sides et al., 2014; 109 

Lynn et al., 2017b, 2018, 2020; Garcia et al., 2018; Swanson and Houghton, 2018, Biass 110 

et al., 2018; Isgett et al., 2018). These factors provide an unprecedented opportunity to 111 

leverage geochemical, petrological, and geological datasets to deepen our understanding 112 

of Kīlauea’s long-term evolution.  113 

Olivine compositions are particularly valuable for such investigations because the 114 

forsterite content (Fo, Mg/(Mg+Fe) x 100) is controlled by Fe-Mg equilibrium with the 115 

magma in which it grows (e.g., Roeder and Emslie, 1970). Melt MgO content scales with 116 

temperature (e.g., Helz and Thornber, 1987) and, by proxy, broadly scales with depth 117 

within Kīlauea’s reservoir system so that olivine Fo and melt MgO can be used to 118 

fingerprint regions of magma storage and evolution prior to eruption (e.g., Helz et al., 119 
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2015). Thus, higher Fo olivine are generally inferred to have grown in higher MgO melts 120 

deeper within the volcano and at higher temperatures, reflecting olivine control on the 121 

magma’s major element composition (Figure 2a). Lower Fo olivine reflects growth 122 

and/or re-equilibration in shallower, cooler and more fractionated low MgO magmas 123 

(Figure 2b). The presence of both high- and low-Fo olivine in an eruption indicate that 124 

rising recharge magmas mixed with shallowly stored magmas prior to eruption (Figure 125 

2c). While most Kīlauea eruptions have some range in olivine Fo contents (e.g., Figure 126 

2a), the mode of an eruption’s olivine population can be used to discern the dominant 127 

magmatic processes that affected the magmatic history (e.g., fractionation versus mixing 128 

versus olivine control; Figure 2).   129 

More than 1,800 olivine Fo and 900 glass MgO contents are examined here to 130 

characterize the last 500+ years of plumbing-system evolution. We delineate three 131 

decades-to-centuries long geochemical cycles within the past ~500 years in which 132 

progressively evolving olivine and glass major element compositions are decoupled from 133 

inferred changes in mantle-derived magma supply rates to Kīlauea. Eruptions that occur 134 

after large-scale caldera collapse have ≥ Fo88 olivine populations that can be bimodal 135 

(with a low Fo secondary population) and highly heterogeneous glass MgO contents that 136 

range up to 11.2 wt%. Subsequent eruptions progressively change toward evolved and 137 

typically unimodal olivine Fo (< 82) populations and glass MgO < 7.0 wt% before the 138 

next significant crater collapse. This striking difference in composition suggests that large 139 

to moderate summit collapses disrupt the shallow reservoir system and influence the 140 

dominant magmatic processes controlling the character of erupted material. 141 

 142 

2. Methods 143 

2.1. Literature Compilation 144 

Eruptions examined in this study are restricted to summit and upper East Rift Zone 145 

locations unless a rift zone eruption was sustained for several years (e.g., Maunaulu 146 

1969-1974, Pu‘u‘ō‘ō 1983-2018). This geographic filter enables the use of olivine and 147 

glass chemistry to infer the geometry and processes operating in Kīlauea’s summit 148 

reservoir(s); otherwise, the olivine and glass chemistry might include the effects of older 149 

stored magma in the rift zones that had experienced mixing and fractional crystallization 150 
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over long periods of time (e.g., 1955 and 1960 LERZ eruptions; Helz and Wright, 1992; 151 

Wright and Helz, 1996; Tuohy et al., 2016; and numerous short-lived eruptions in the 152 

Nāpau Crater area; Walker et al., 2020). An additional exception is made for the 2018 153 

LERZ eruption, which was the most voluminous known eruption at Kīlauea in more than 154 

500 years, occurred simultaneously with summit crater collapse, and was sustained by 155 

summit-derived magma for more than two months (Neal et al., 2019).  156 

Previously published olivine and glass data were examined for analysis quality 157 

and oxide totals < 99.0 and > 100.5 were rejected. Studies that reported only 158 

representative olivine compositions were not used, and a minimum of 10 olivine 159 

compositions in an eruption/sample were required for this dataset (e.g., very few data are 160 

available for eruptions between the possible collapse in 1790 and the small collapse and 161 

crater enlargement in 1924). We define two broad periods for eruptions included in the 162 

study: 1) the Keanakāko‘i Tephra explosive period, which begins with large-scale caldera 163 

collapse ~1500 C.E. and ends in the early 1800s (Swanson et al., 2012; Swanson and 164 

Houghton, 2018) and 2) the modern effusive period, which begins in this compilation 165 

with previously published data for the 1840 eruption (Trusdell, 1991) and ends with 166 

December 2020 Halema‘uma‘u eruption samples (this study).  167 

Changes in olivine Fo content over time are assessed by determining 168 

compositional modes for individual eruption populations. Kernel density estimates for 169 

each eruption are used to identify primary modes based on the highest probability density 170 

in the population (Figure 2). A secondary mode is identified (Figure 2c) for some 171 

eruption populations that clearly have more than one peak in the distributions, as is also 172 

evident in cumulative distribution plots. The kernel density estimates are calculated using 173 

a bandwidth of 0.5 mol% because 0.2 mol% (the typical analytical uncertainty in Fo; e.g., 174 

following Thomson and Maclennan, 2013) undersmooths and oversamples the data, and 175 

normal kernel functions in MATLAB oversmooth and undersample the data (see 176 

Supplementary Figure S1 for comparisons). This choice of bandwidth is appropriate 177 

because our approach relies on the dominant mode(s) in the populations and not on more 178 

subtle variations within eruption datasets. Heterogeneity in individual eruption samples is 179 

assessed by calculating the 5th and 95th percentile of the populations, a procedure that 180 

minimizes extreme or outlier compositions within the full range of data.  181 
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Changes in glass MgO contents with time are examined using the range of 182 

available data for each eruption, rather than the population-based approach just described 183 

for the olivine compositions. This is done for three reasons: 1) for many summit 184 

eruptions, only a few glass MgO contents are reported in the literature (e.g., eruptions 185 

from 1868-1954, Helz et al., 2014; Garcia et al., 2003), so that the same statistical 186 

treatment cannot be used for all samples; 2) any glass MgO variability within an eruption 187 

generally reflects coeval melt compositions sampled from the thermally stratified summit 188 

reservoir system (Helz et al., 2014), so that using a mode to represent those data results in 189 

loss of information; 3) the MgO content of Kīlauea glasses is a proxy for temperature 190 

(Helz and Thornber, 1987), and variations in erupted glass MgO reflect relative residence 191 

time, degree of homogenization, and depth of melts sourced from within the reservoir 192 

system (Helz et al., 2014).  193 

 194 

2.2. Electron Microprobe Analyses (EPMA) 195 

New olivine core compositions (n=133; Lynn, 2022, Supplementary Table S1) from 196 

summit (1885, 1921, July 1974, and April 2015 and December 2020) and middle East 197 

Rift Zone (ERZ; 2011-2012 Pu‘u‘ō‘ō) eruptions are used in conjunction with previously 198 

published olivine from just after caldera collapse around 1500 C.E. to 2018. For new 199 

data, measurements were made using a five spectrometer JEOL Hyperprobe JXA-8500F 200 

at the University of Hawai‘i using three different methodologies. Summit eruption 201 

analyses (except for those from 2020) did not measure Mn and used Method 1: a 20 kV 202 

accelerating voltage and a 10 µm beam with a 200 nA current, and peak counting times 203 

were 60 s for Si, Fe, Mg, Ca, and Ni. Pu‘u‘ō‘ō analyses included Mn and used Method 2: 204 

a 20 kV voltage and 10 μm beam with a 200 nA current, and peak counting times were 205 

100 s for Si, Mg, Ca, and Ni, 60 s for Fe, and 30 s for Mn. Backgrounds for all analyses 206 

were measured on both sides of the peak for half the peak counting times. The olivine 207 

crystals from the recent 2020 eruption were analyzed using Method 3: a 15 kV 208 

accelerating voltage and a 1 µm beam with a 50 nA current. Major elements Si, Mg, and 209 

Fe were gathered using combined EDS analyses on a Thermo UltraDry detector using a 210 

SystemSix analyzer with a dead time of 38% and live acquisition for 60 seconds. Ca, Ni, 211 
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and Mn were measured by WDS spectrometers, and counting times were 60 s with 20 s 212 

on both sides of the peak for backgrounds.  213 

For all olivine routines, standards were measured regularly throughout analyses to 214 

monitor for instrumental drift. Standards for Methods 1 and 2 were San Carlos olivine 215 

(USNM 111312/444; Jarosewich et al., 1980) for Si, Fe and Mg, a synthetic nickel-oxide 216 

for Ni, Verma garnet for Mn and Kakanui Augite (USNM 122142; Jarosewich et al., 217 

1980) for Ca. Two-sigma relative precision, based on repeated analyses of San Carlos 218 

olivine, are 0.85 wt% for SiO2, 0.51 wt% for MgO, 0.14 wt% for FeO, 0.019 wt% for 219 

NiO, and 0.013 wt% for CaO (Lynn, 2022; Supplementary Table S2). Standards for 220 

Method 3 were Springwater olivine (USNM 2566) for Si, Fe, and Mg, a synthetic nickel-221 

oxide for Ni, Verma garnet for Mn and Kakanui Augite (USNM 122142; Jarosewich et 222 

al., 1980) for Ca. Two-sigma relative precision, based on repeated analyses of San Carlos 223 

olivine, are 0.24 wt% for SiO2 and MgO, 0.20 wt% for FeO, 0.016 wt% for MnO and 224 

NiO, and 0.01 wt% for CaO (Lynn, 2022; Supplementary Table S2).  225 

Major and minor element analyses of glass (Lynn, 2022; Supplementary Table 226 

S3) from the same 2020 Halema‘uma‘u eruption sample analyzed for olivine were made 227 

using the University of Hawai‘i microprobe. Analyses used a 15 kV accelerating voltage 228 

and a 10 μm beam with a 10 nA current. Si, Al, and Fe were collected on the same EDS 229 

setup listed above with 10% deadtime and live acquisition of 100 s. Peak counting times 230 

on WDS spectrometers were 15 s for Mg and Ca, 20 s for Mn, 30 s for Ti, 40 s for Na 231 

and K, 70 s for P, and 75 s for S (backgrounds were measured on both sides of the peak 232 

for half the peak counting times). Standards for glass analyses were Synthetic Glass 233 

(STG-56) for Si, Lake County Plagioclase (USNM 115900; Jarosewich et al., 1980) for 234 

Al, Ca, and Na, VG-2 glass (USNM 111240/52; Jarosewich et al., 1980) for Fe and Mg, 235 

Ilmenite (USNM 96189; Jarosewich et al., 1980) for Mn and Ti, K-Anorthoclase for K, 236 

Fluor-apatite (USNM 104021; Jarosewich et al., 1980) for P, and Troilite for S. Two-237 

sigma relative precision, based on repeated analyses of VG-2 glass, are 0.36 wt% for 238 

SiO2, 0.26 for Al2O3, 0.20 for TiO2, 0.56 wt% for FeO, 0.18 wt% for MnO, 0.08 for 239 

MgO, 0.44 wt% for CaO, 0.14 wt% for Na2O, 0.02 for K2O, and 0.04 for P2O5 and SO3 240 

(Lynn, 2022; Supplementary Table S4).  241 
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For all glass and olivine routines, X-ray intensities were converted to 242 

concentrations using standard ZAF corrections (Armstrong, 1988). Analyses with totals 243 

<99.0 wt% or >100.5 wt% were rejected. Olivine core compositions from previously 244 

published Keanakāko‘i Tephra (n=413; Lynn et al., 2017a, b) and modern effusive 245 

eruptions (n=519, 1968-2010; Lynn et al., 2017a) were measured in the same laboratory 246 

using generally the same conditions as Methods 1 and 2. 247 

 248 

3. Results 249 

Olivine core compositions from the explosive and effusive eruptive periods at Kīlauea are 250 

remarkably different. Eruptions during the Keanakāko‘i Tephra explosive period (n=413) 251 

have a wide distribution of olivine compositions dominated by high forsterite contents of 252 

88-90 (Figure 3a). Core compositions range from Fo77 to Fo90 with a minor secondary 253 

peak at Fo83-84. Olivine cores from the modern effusive period up to the 2018 LERZ 254 

eruption (n=1117) also show a wide range (Fo75 to Fo90), but the primary peak of the 255 

distribution is Fo81 (Figure 3b) with few olivine cores of Fo88-89. The exception during 256 

this period is the 1959 Kīlauea Iki eruption, which is dominated by high-Fo compositions 257 

(86-90; e.g., Helz, 1987; Vinet and Higgins, 2011) and is well documented to be an 258 

eruption that disrupted Kīlauea’s typical summit reservoir system (e.g., Helz, 1987; 259 

Richter et al., 1970; Stone and Fleet, 1991; Bradshaw et al., 2018; Helz, 2022).  260 

The olivine distributions for the 2018 LERZ eruption and 2020 summit eruption 261 

(n=336) are both strongly bimodal, with the 2018 eruption having a much larger range of 262 

compositions down to <Fo77 (Figure 3c). These very low Fo compositions are largely due 263 

to the location of the 2018 eruption on the LERZ, where a significant volume of evolved 264 

stored magma was erupted early in the 2018 eruption sequence (Gansecki et al., 2019). 265 

Time period distributions are asymmetrical, indicating that the secondary modes are 266 

minor components in erupted materials (except for the 2020 eruption, which is strongly 267 

bimodal). 268 

Olivine Fo populations in individual eruptions range widely throughout Kīlauea’s 269 

past six centuries. Eruptions that follow large caldera (turn of the 16th century) or smaller-270 

scale crater collapse events in the 18th, 20th, and 21st centuries have highly heterogeneous 271 

olivine Fo contents (Fo79-90) and are commonly bimodal (Figure 4; see also Lynn, 2022 272 
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and Supplementary Table S5). The primary compositional mode is ≥ Fo88 (filled circles), 273 

and the low-Fo mode in some samples is usually Fo83-84 (open circles) following caldera 274 

collapse ~1500 C.E. (Swanson et al., 2012) and an inferred collapse in 1790 (Swanson et 275 

al., 2012; Swanson et al., 2015). After three decades of little eruptive activity following 276 

the 1924 Halema‘uma‘u crater enlargement (Macdonald et al., 1983; Wright and Klein, 277 

2014), the olivine primary mode returned to Fo88 in 1959 and Fo89 during the Maunaulu 278 

eruption in 1969. This pattern is repeated with the most recent 2020 Halema‘uma‘u 279 

eruption in which olivine compositions are bimodal (Fo88 and Fo82; Figure 3).  280 

Glass MgO contents after collapse events are also highly heterogeneous within 281 

single eruptions, spanning a total range of up to 6.0 wt% in the early 16th, 19th, and mid-282 

20th centuries (Figure 5). Eruptions that follow caldera collapse initiating the 283 

Keanakāko’i Tephra period include some of the highest MgO contents (> 11.0 wt%; 284 

Figure 5) measured at Kīlauea (Swanson et al., 2014; Garcia et al., 2018). Eruptions in 285 

the 1820s (at the end of the Keanakāko’i Tephra period) after the inferred crater collapse 286 

in 1790 also have high-MgO glass signatures (up to 10.3 wt%). Following the 1924 287 

Halem‘auma‘u crater enlargement, the 1934 summit lava has 7.3 wt% MgO glass, and 288 

the 1954 lava has low modal olivine (<0.2%) and a bulk rock MgO of 7.0-7.2 wt% 289 

(Garcia et al. 2003), suggesting low glass MgO. The first post-1924 high-MgO glass 290 

signature is from the 1959 Kīlauea Iki eruption (up to 10.0 wt%), during which magma 291 

from a deep source dominated the compositions of erupted material (e.g., Helz, 2022). 292 

Notably, the recent 2020 Halema‘uma‘u eruption had glass MgO near ~7.0 wt% MgO 293 

(Figure 5), similar to the eruptions following the 1924 crater enlargement. This suggests 294 

that the magnitude of the 2018 observed collapse may not have been large enough to 295 

significantly disrupt the magma reservoir(s) and might have only disrupted shallow 296 

magma pathways.  297 

In the decades to centuries following collapses, both olivine and glass 298 

compositions become less magnesian and are generally accompanied by a reduction in 299 

compositional heterogeneity (Figures 3 and 4). During the 17th century, primary olivine 300 

compositions decrease slightly from Fo89 to Fo87. Glass MgO decreases significantly to as 301 

low as 3.8 wt% in juvenile material (Garcia et al., 2018) after violent explosive eruptions 302 

and inferred crater collapse in 1790 C.E. From 1950 to 2015, olivine modes decrease 303 
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from Fo89 to Fo80 at the summit and to Fo79 for the long-lived Pu‘u‘ō‘ō eruption (Figure 304 

4). Glass MgO contents also decrease from a maximum of 10.0 wt% in 1959 to 6.3 wt% 305 

in 2015 (Figure 5).  306 

Lava erupted before collapse events has olivine and glass compositions that are 307 

significantly evolved compared to those of lava erupted after collapse. Glass MgO 308 

contents from ‘Ailā‘au flows and Observatory shield flows (Holcomb, 1987; Neal and 309 

Lockwood, 2003)) are < 7.0 wt% (Clague et al., 1999; Figure 5). In contrast, most 310 

Keanakāko’i Tephra glasses after caldera collapse are on average higher in MgO with 311 

higher ranges (up to 11.0 wt% MgO; Figure 5), and their olivine populations are 312 

dominated by Fo89 compositions (Figure 4). Other eruptions occurring prior to collapses 313 

also produce lava with evolved glass chemistry. Juvenile material in Keanakāko’i Unit 314 

J1, erupted in 1790 (Swanson and Houghton, 2018) near the end of the explosive period, 315 

can be very fractionated (down to 3.6 wt% MgO; Garcia et al., 2018), indicating 316 

significant evolution of residual stored magma. In the late 19th and early 20th centuries, 317 

nearly aphyric lava flows have < Fo82 olivine modes and relatively low-MgO glasses 318 

(6.0-6.5 wt%; Figures 4 and 5). The decade-long (2008-2018) summit and 35-year-long 319 

Pu‘u‘ō‘ō eruption are also dominated by evolved compositions and precede the 2018 320 

collapse (e.g., Thornber et al., 2015). 321 

Olivine and glass compositions show no systematic variations with inferred or 322 

calculated magma supply rates to Kīlauea (Figure 5). The dominantly primitive olivine 323 

and high-MgO glasses of the 16th and 17th centuries correlate with low erupted volume 324 

and low inferred magma supply rates (5 x 10-4 km3/yr; Swanson et al., 2014; Figure 5). 325 

Similar compositions of primitive olivine Fo and glass MgO occur in early 19th century 326 

lava, for which much higher magma supply has been inferred (0.12-0.32 km3/yr, Wright 327 

and Klein, 2014). Further contradiction arises between low-supply, primitive 16th and 17th 328 

century eruptions and evolved effusive eruptions during another low-supply period from 329 

1850 to 1924 (Wright and Klein, 2014). Finally, an 8x increase in magma supply from 330 

1950 to 2008 coincides with a dramatic decrease in olivine and glass Mg contents.  331 

 332 

4. Discussion 333 
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The suite of major element data for olivine and glass from ~1500-2020 C.E. are evaluated 334 

below to highlight several observations about the evolution of crustal processes at 335 

Kīlauea. Important caveats to acknowledge include that the geologic history of Kīlauea’s 336 

recent centuries is still being revealed (e.g., Hazlett et al., 2019; Orr et al., 2021; though 337 

these new findings are consistent with what was previously inferred), there are few data 338 

(and samples) available around the turn of the 20th century and for eruptions prior to the 339 

formation of the modern caldera about 500 years ago. However, the available data show 340 

on a broad scale that 1) explosive and effusive periods record a spectrum of influences 341 

but are dominated by very different magmatic processes and 2) changes in olivine Fo and 342 

glass MgO record geochemical cycles on the order of decades to centuries that are linked 343 

closely with caldera and significant crater collapses at Kīlauea’s summit. 344 

 345 

4.1. Explosive and effusive eruptive periods are dominated by fundamentally different 346 

magmatic processes 347 

Olivine crystals from the modern effusive period are dominated by relatively evolved 348 

Fo81 compositions (Figure 3) that reflect a buffered crustal reservoir system in which 349 

storage and fractional crystallization control the composition of magmas (e.g., Thornber 350 

et al., 2015). The magma storage during high magma supply effusive periods (Wright and 351 

Klein, 2014) is generally shallow (<5 km; e.g., Poland et al., 2014), as evidenced by the 352 

overall lower glass MgO contents that dominate sustained summit and rift eruptions 353 

(Figure 5). In contrast, olivine crystals from the same period are dominated by more 354 

primitive ≥Fo88 compositions (with a minor secondary population at ~Fo83; Figure 3) and 355 

maximum glass MgO contents higher than typically seen during the modern effusive 356 

period (e.g., up to 11.3 wt% MgO versus ~10 wt% MgO, respectively; Figure 5). 357 

Although evolved compositions are present during the Keanakāko’i explosive period 358 

(e.g., glass MgO <6.0 wt%, olivine <Fo80), they do not represent large volumes. 359 

Keanakāko’i olivine crystals show clear signs of magma mixing (chemical zoning, 360 

bimodal Fo populations; Lynn et al. 2017b) between hotter recharge and residual stored 361 

magma bodies shortly prior to eruption during a time when the inferred magma supply 362 

rates were much lower (Swanson et al., 2014). Thus, on a first order basis, the major 363 

element chemistry of the centuries-long eruptive periods largely originates from 364 
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fundamental differences between fractional crystallization of shallowly stored magmas 365 

during high-supply effusive periods versus little evolution of mafic recharge magmas 366 

during low-supply explosive periods. 367 

 368 

4.2. Geochemical cycles decades to centuries long track summit collapse 369 

Superimposed on the first order differences between the explosive Keanakāko’i Tephra 370 

and modern effusive periods are smaller collapse events that also disrupted the shallow 371 

plumbing system (reservoirs, pathways, or both) and the dominant magmatic processes 372 

operating within. During pre-collapse eruptions at Kīlauea, lava with evolved olivine and 373 

glass compositions repeatedly erupts due to the dominance of fractional crystallization in 374 

a mature, stable reservoir system (e.g., Helz et al., 2014a; Thornber et al., 2015). 375 

Although magma mixing and/or incorporation of high-Fo mush olivine crystals (e.g., 376 

Wieser et al., 2020) does occur (evidenced by a minor population of higher-Fo olivine, 377 

Figure 3b), the mafic recharge component is usually buffered by a larger amount of 378 

stored magma (Wright and Fiske, 1971; Garcia et al., 2003), and fractional crystallization 379 

controls the geochemistry of erupted material.  380 

After caldera collapse, the development of a poorly connected system of dikes or 381 

sills (Corbi et al., 2015) results in inefficient mixing of recharge and stored magmas. This 382 

evolution has been documented in other volcanic systems, where abrupt changes in the 383 

chemistry of erupted material showed a switch from dominantly fractional crystallization 384 

to increased magma mixing following collapse events (Gavrilenko et al., 2016). The 385 

highly heterogeneous olivine Fo and glass MgO in post-collapse eruptions result from 386 

mixing of mafic recharge and minor amounts of stored magmas (e.g., Helz et al., 2015; 387 

Lynn et al., 2017b) with more limited influence from fractional crystallization. Thus, 388 

timeseries of olivine and glass major element chemistry are strong indicators of the 389 

maturity of the magma plumbing system at Kīlauea and elsewhere. Repeated patterns of 390 

olivine and glass major element chemistry may also be powerful tools for better forecasts 391 

of Kīlauea’s eruptive behavior. 392 

 393 

4.3. Small collapse events apparently do not impact crustal processes 394 
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Small summit collapse events on the order of 100 m of subsidence occurred between 395 

1823 and 1924 when most of Kīlauea’s eruptive activity was confined within the summit 396 

caldera. At that time, a sustained but diminishing lava lake dominated eruptive activity, 397 

with three east rift eruptions (1840, 1922, 1923), and three small caldera and Kīlauea Iki 398 

eruptions in 1832, 1868, and 1877 (Orr et al, 2021). Unfortunately, few analyses of glass 399 

and olivine exist for these eruptions, only the most recent (e.g., 1885, 1894) lava lake 400 

overflows are preserved on the caldera floor, and older flows exposed in 2018 fault 401 

scarps remain unsampled. However, highly variable Pb isotopic compositions of lavas 402 

from 1912-1924 indicate that the magmas were poorly homogenized, and Pietruszka et al. 403 

(2019) inferred that a major disruption to Kīlauea’s summit reservoir must have occurred 404 

prior to 1912.  405 

The 1885 and 1894 flows are fractionated; glass contains 6.0-7.5 wt% MgO, few 406 

olivine phenocrysts (< 2 vol.%), and are clinopyroxene and plagioclase-rich (Garcia et 407 

al., 2003). The new olivine analyses for the 1885 lava have a Fo79 mode (Figure 4), 408 

consistent with a shallow long-lived reservoir buffered to evolved compositions. Major 409 

and trace element whole-rock data also indicate efficient mixing of recharge and stored 410 

magmas in a single summit reservoir (Pietruszka and Garcia 1999; Garcia et al., 2003) 411 

that repeatedly experienced draining and subsidence events on the order of 100 m or 412 

more during this time (Macdonald et al., 1983; Wright and Klein, 2014). These small 413 

collapse events apparently did not significantly disrupt the shallow reservoir system, 414 

although data for this time period are perhaps insufficient to assess the impact of any 415 

collapse prior to 1924.  416 

 417 

4.4. A geochemical indicator for inferring summit collapse in the geologic record? 418 

Using the patterns in olivine and glass major element chemistry outlined here, time series 419 

data might be leveraged to identify unobserved or poorly recorded summit collapse 420 

events. The observed enlargement of Halema‘uma‘u crater in 1924 and the possible 421 

collapse accompanying the 1790 eruption are thought to have significantly disrupted the 422 

summit reservoir system and have been associated with major changes at Kīlauea such as 423 

a shift in isotopic composition in 1924 that is probably related to changes in mantle 424 

melting productivity (Pietruszka and Garcia, 1999). There is no direct evidence or 425 
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observations of a large crater collapse in 1790, but mapped fissures and lava flows on the 426 

lower East Rift Zone have been interpreted to have formed in 1790 (Moore and Trusdell, 427 

1991; Trusdell and Moore, 2006). This interpretation would be consistent with draining 428 

of reestablished summit reservoir(s) and related collapse.  429 

Given these similarities, the additional time series context of olivine and glass 430 

major element data further supports a possible collapse in 1790. Beginning with the 431 

Keanakāko’i Unit E (~1650 C.E.), primary olivine modes began to decrease (Figure 4) 432 

and glass MgO contents continued toward more evolved compositions up to the 1790 433 

eruption (Figure 5). While there are as yet no olivine data for eruptions that occurred 434 

between the interbedded circumferential lava flow (1670-1700 C.E.; unit 1790f of Neal 435 

and Lockwood, 2003) and Unit K1 (early 1800s) the downward trajectory from 1650-436 

1700 in olivine and glass, and evolved glass composition in 1790, suggest the influence 437 

of an increasingly well-established shallow reservoir. These lines of evidence suggest that 438 

the decreasing olivine Fo established by 1670 C.E. reflects a geochemical cycle that 439 

ended with collapse in 1790. Thus, time series of olivine Fo and glass MgO may be used 440 

to identify unobserved or poorly recorded summit collapse events at Kīlauea and 441 

elsewhere. These evolved signatures suggest that a mature and buffered reservoir system 442 

may be a key requirement for disruptions of volcanic plumbing systems that are 443 

significant enough to result in collapse events. 444 

 445 

4.5. Reservoir system recovery time influenced by magma supply rates? 446 

On a broad scale, Kīlauea’s eruptive cycles apparently correlate with order-of-magnitude 447 

changes in inferred magma supply rate to the edifice (Swanson et al., 2014). Inferences of 448 

explosive-period magma supply are based on erupted volumes of dominantly tephra 449 

deposits around Kīlauea’s summit caldera, which may not include any intra-caldera 450 

deposits and/or lava flows that might have erupted within the existing deep caldera 451 

(possibly greater than 600 m deep; Swanson et al., 2014). Variations in magma supply 452 

within explosive periods also cannot be determined with available data. Trace element 453 

ratios in Keanakāko’i Tephra glasses also cannot resolve high- versus low-supply 454 

debates, as low ratios of highly over moderately incompatible elements (e.g., Nb/Y and 455 

La/Yb) might be explained by either higher degrees of partial melting (and thus higher 456 
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rates of magma supply) or melting of a mantle source that has been previously melted 457 

(resulting in lower magma supply to the volcano; Garcia et al., 2018). 458 

Despite these uncertainties for the Keanakāko’i explosive period, magma supply 459 

rates that are well constrained for the modern effusive period do not systematically 460 

correlate with olivine Fo or glass MgO compositions on the decadal scale (Figures 4 and 461 

5), indicating that the major element composition of olivine and glasses of lava in 462 

individual eruptions cannot be predominantly related to changes in magma supply rate. 463 

The time series of major element chemistry presented here suggests that magma supply 464 

might dictate the rate of magmatic system recovery following disruptive collapse events. 465 

The collapse of Kīlauea’s summit caldera in about 1500 C.E. significantly 466 

disrupted or destroyed the plumbing system present at the time, possibly leaving behind 467 

only small, isolated pockets of stored magma (Swanson et al., 2014; Lynn et al., 2017b; 468 

Swanson and Houghton, 2018). Plumbing system recovery was slow during the 469 

Keanakāko’i period, with high-Fo olivine modes and high MgO glasses occurring for 470 

nearly three centuries until the possible small summit collapse in 1790 C.E. Kīlauea’s 471 

eruptive output during this time was also ~2% that of the modern effusive period, leading 472 

to inferences that magma supply to the volcano following caldera collapse was much 473 

lower than during the modern effusive period (Swanson et al., 2014).  474 

Low supply in the absence of a well-established reservoir system during the 475 

Keanakāko’i period allows more primitive material to erupt without prolonged crustal 476 

storage, yielding heterogeneous olivine populations (Fo90-78; Figure 4) and higher-MgO 477 

glasses (6.5-11.1 wt%; Figure 5). Toward the middle of the Keanakāko’i period, bimodal 478 

olivine populations with decreasing Fo primary modes and persistent Fo83-84 secondary 479 

modes (Figure 4) indicate that a shallow, semi-stable reservoir of stored magma was 480 

probably being restored (Lynn et al., 2017b). However, the primary modes remain at Fo89 481 

for ~200 years after caldera collapse in ~1500 C.E. before starting to evolve, suggesting 482 

that plumbing system recovery and reservoir development was slow.  483 

In contrast, the olivine Fo modes evolved rapidly after the 1924 enlargement of 484 

Halema‘uma‘u crater, to Fo84 by the end of the Maunaulu eruption 90 years later. Magma 485 

supply rates have been calculated to be much higher during the modern effusive period 486 

(Figure 5) than during the preceding explosive period, correlating with inferences of a 487 
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buffered reservoir system (e.g., Thornber et al., 2015), generating low-Fo olivine and 488 

low-MgO glasses. Higher supply during the effusive period might explain the faster 489 

recovery (e.g., tens of years) of shallow buffering reservoirs compared to the prolonged 490 

recovery of the plumbing system in the centuries immediately following caldera collapse.  491 

The roughly two centuries of ≥Fo88 modes during the Keanakāko’i period might 492 

also reflect more significant disruption of both magma pathways and reservoir(s) 493 

compared to the inferred 1790 collapse and 1924 crater enlargement. The recovery cycles 494 

following the smaller events in 1790 and 1924 could be much shorter because they 495 

disrupted established shallow magma pathways but had little impact on the stability of 496 

the shallow reservoir(s). Or the shorter recovery could also be linked to higher supply 497 

rates following those events (Wright and Klein, 2014). Thus, it is difficult to confidently 498 

link the impact of magma supply to the chemical cycles observed here beyond first order 499 

comparisons between explosive and effusive periods. 500 

 501 

4.6. Geochemical cycles parallel Holcomb model of Kīlauea’s evolution 502 

The olivine and glass major element chemical cycles outlined here roughly parallel cycles 503 

of Kīlauea’s evolution outlined by Holcomb (1987). Holcomb’s caldera-dominated model 504 

features shifts in magma storage as successive calderas form, fill, and collapse: “caldera 505 

collapse arises from changes in magma plumbing, and collapse in turn causes changes in 506 

the plumbing, acting as a feedback mechanism of an oscillatory system… with each 507 

perturbation disrupting the plumbing system and followed by evolutionary reintegration 508 

of the plumbing system.” The evolution from high-Fo olivine and high-MgO glasses to 509 

low-Fo olivine and low-MgO glasses three times over the past 500+ years provides 510 

evidence of Kīlauea’s plumbing system recovery following summit collapse events. 511 

Holcomb (1987) also acknowledged that these evolution cycles were “very complicated 512 

but possibly predictable harmonic patterns of eruption might ensue,” and the chemical 513 

cycles outlined here represent additional chemical patterns that track the volcano’s 514 

evolution via repeating long-term trends. 515 

 The progressive change from high-Fo and high-MgO to evolved compositions 516 

parallels the proposed eruptive model (Holcomb, 1987), which suggested that rift activity 517 

waxed as summit activity waned. Beginning in 1950, a dramatic 8x increase in magma 518 
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supply over the course of a few decades (Wright and Klein, 2014) led to the development 519 

of at least two stable summit magma reservoirs, a larger body at 3-5 km depth and 520 

smaller body around 1-2 km depth (Poland et al., 2014; Pietruszka et al., 2015). The 521 

decreasing trend of olivine Fo and glass MgO contents in eruptions from 1959 to 2018 522 

(Figures 4 and 5) corroborates interpretations that during periods of high magma supply 523 

the magmatic system has increasingly stable shallow reservoirs that buffer magma 524 

compositions at lower Mg# (Wright and Fiske, 1971; Garcia et al., 2003).  525 

Sustained rift zone activity is closely linked to the summit reservoir system, 526 

requiring a nearly continuous supply of magma to increasingly distant vents (e.g., 527 

downrift evolution between Maunaulu, Pu‘u‘ō‘ō, and the 2018 LERZ eruption). Efficient 528 

mixing in a 3-5 km deep magma reservoir (e.g., Poland et al., 2014; Pietruszka et al., 529 

2015), in which primitive recharge magmas are buffered by large volumes of resident 530 

magma at more evolved compositions, promotes continuously evolving olivine Fo 531 

contents and increasingly lower glass MgO contents. This interpretation explains why 532 

more primitive Fo contents (> Fo85) have only rarely been observed in the past 30 years 533 

(with the exception of the 2018 LERZ eruption [Wieser et al., 2020; Lerner et al., 2021] 534 

and the recent 2020-2021 Halema‘uma‘u eruption). 535 

 Although the geochemical cycles presented here generally agree with the 536 

Holcomb (1987) model, that model was developed during a time where there were few 537 

radiometric ages and little knowledge of the explosive history of Kīlauea. The collapses 538 

in the Holcomb model are mostly small compared to caldera forming events that mark a 539 

change from an effusive to an explosive period (Swanson et al., 2014). Those much 540 

larger collapses impact the magmatic system profoundly, as evidenced by the centuries of 541 

reservoir recovery recorded by glass and olivine following the caldera formation in 1500 542 

C.E. The ensuing centuries of eruptive activity may be associated with much smaller 543 

events (e.g., 1790, 1924, 2018), constituting elements of the Holcomb model. 544 

Furthermore, evidence of an effusive eruption low on the East Rift Zone has not been 545 

recognized before the 1500 C.E. summit collapse, so the close relation between summit 546 

collapse and LERZ eruptions implied by the Holcomb model (Holcomb et al., 1988) 547 

remains problematic. Further geochemical study of the transition from the Observatory 548 

Shield and subsequent ‘Ailā‘au flows (Holcomb, 1987; Neal and Lockwood, 2003; 1000-549 
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1500 C.E.) to the Keanakāko’i Tephra period will yield critical insights into the processes 550 

that lead to large caldera forming events. However, the major element geochemical 551 

cycles described here help to distinguish between the larger effusive-explosive cycle 552 

identified by Swanson et al. (2014) and the smaller Holcomb (1987) cycles.  553 

 554 

4.7. The 2018 summit collapse may have had minimal impact on reservoirs 555 

The recent 2018 LERZ eruption and coeval summit collapse (Neal et al., 2019) is an 556 

important demonstration of how such events can affect the major element chemistry of 557 

subsequent eruptions. A large intrusion into the LERZ that began in May 2018 partially 558 

drained the shallow Halema‘uma‘u reservoir (Anderson et al. 2019), leading to the most 559 

significant collapse event in the past 200 years (Neal et al., 2019). After a little over 2 560 

years of subsequent quiescence, eruptive activity returned to Kīlauea’s summit in 561 

Halema‘uma‘u crater in December 2020. The return of eruptive activity in the summit fits 562 

with the Holcomb (1987) model, wherein summit collapse might interrupt dikes 563 

transporting magma into rift zones (Fiske and Jackson, 1972) and subsequently cause 564 

changes in long-term eruption patterns. 565 

Prior to the 2018 summit collapse, lava flows from Pu‘u‘ō‘ō had glass MgO 566 

contents around 6.3 wt% (Figure 5), similar to the flows in the Observatory Shield and 567 

‘Ailā‘au flow field (Clague et al., 1999) that predate the modern caldera. The recurrence 568 

of evolved compositions prior to significant summit collapse events indicates that the 569 

development of a semi-stable and volumetrically significant reservoir might be necessary 570 

before collapse can occur. The presence of this reservoir is evidenced by the evolved 571 

olivine and melt compositions, which are useful indicators of a mature plumbing system 572 

that can be applied to the older eruptive record. 573 

Following the 2018 collapse, the 2020 summit eruption yielded a bimodal 574 

population of olivine compositions with a peak at Fo88, following the patterns defined by 575 

the previous ~500 years of activity (Figure 4). Notably, the composition of glass in the 576 

2020 tephra did not rebound and instead clusters around ~7.0 wt% MgO, consistent with 577 

fractionated magmas (Figure 5). These low-MgO glasses are very different from the high 578 

MgO glass compositions that followed caldera collapse in 1500 C.E., yet similar to the 579 

few geochemical data for eruptions shortly after the 1924 crater enlargement (7.0-8.0 580 
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wt% MgO; Figure 5). Thus, the impacts of the 2018 collapse appear to be on a much 581 

smaller scale, and potentially caused by different processes, than those resulting from 582 

caldera formation in 1500 C.E. Despite the dramatic events of 2018 the collapse may 583 

have only disrupted magma pathways and not strongly impacted the reservoir(s), 584 

consistent with models showing that only 11-33% of the total magma in the shallow 585 

Halema‘uma‘u reservoir was withdrawn by the 2018 eruption (Anderson et al., 2019). 586 

Alternatively, high magma supply evidenced by two order of magnitude increases in 587 

seismicity underneath the Island of Hawai‘i (beginning in 2015 and ongoing; Burgess and 588 

Roman, 2021) may be driving accelerated system recovery after the collapse.  589 

 590 

5. Conclusions 591 

Major element chemistry in olivine and glass from Kīlauea’s past 500+ years provides 592 

simple yet powerful tools for interpreting changes in the crustal reservoir system and the 593 

dominant magmatic processes operating within it. The most recent explosive and effusive 594 

periods are dominated by fundamentally different crustal processes. The Keanakāko’i 595 

Tephra explosive period is characterized by recharge of mafic magmas with little storage 596 

in a disrupted reservoir system during a period of overall lower magma supply. During 597 

the modern effusive period mafic recharge magmas are buffered by magma reservoirs 598 

that are capable of sustaining long-lived eruptions during periods of higher magma 599 

supply. Both periods show that magma mixing is a ubiquitous process at Kīlauea, 600 

regardless of explosive versus effusive period distinction.  601 

Superimposed on the explosive-effusive periods are three decades- to centuries-602 

long cycles of increasingly evolved olivine Fo and glass MgO in 500+ years of Kīlauea 603 

lavas and tephra. Each cycle apparently begins with a caldera or crater collapse event, 604 

inferred to disrupt the magmatic system. Prior to caldera and crater collapse, olivine and 605 

glass compositions are fractionated, suggesting that a mature and buffered reservoir 606 

system may be a key requirement for disruptions of volcanic plumbing systems that are 607 

significant enough to result in collapse events. Eruptions that follow collapse events 608 

typically reflect mafic compositions, suggesting inefficient mixing of recharge and stored 609 

magmas in the absence of a volumetrically significant stable reservoir. The historically 610 

unprecedented 2018 summit collapse generally follows these patterns, with evolved 611 
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olivine and glass compositions at the summit and Pu‘u‘ō‘ō prior to collapse and Fo88 612 

olivine in the subsequent 2020 eruption. Thus, significant summit collapse events appear 613 

to fundamentally change at least the connectivity of the crustal reservoir system, the 614 

dominant magmatic processes operating within it, and ultimately the major element 615 

compositions of subsequently erupted material at Kīlauea. The geochemical cycles 616 

outlined here are useful for inferring past collapse events that were not observed, and the 617 

concepts could be applied broadly to investigate caldera collapse and the long-term 618 

evolution of volcanic systems in Hawai‘i and elsewhere.  619 
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Figure 1: Erupted volume (km3) for effusive (grey bins) and explosive periods (red bins) 
in the past 2,500 years at Kīlauea. Yellow stars indicate large caldera collapse events 
(Powers, 1948; Holcomb, 1987; Swanson et al., 2012). Modified after Swanson et al. 
(2014). Note that Uēkahuna = Uwēkahuna; name updated in 2012, U.S. Board on 
Geographic Names. 
  



 
Figure 2. Examples of olivine population types used to infer magmatic processes and 
derive Fo modes presented in Figures 3 and 4. (a) Olivine-controlled eruptions like the 
Keanakāko’i Tephra Unit D (Lynn et al. 2017a, 2017b) typically have unimodal high-Fo 
populations but can exhibit a range of compositions that are present in low abundances. 
The mode, marked by a filled circle, is used in Figure 4 to examine long term changes in 
population characteristics. (b) Fractionated populations, like that found in the 1919 lava 
flow from Halema‘uma‘u, have unimodal distributions dominated by low Fo with few 
higher Fo compositions. (c) Eruptions that reflect mixing of olivine-controlled and 
fractionated magmas, such as the Keanakāko’i Tephra Unit E (Lynn et al., 2017a, 2017b), 
have two modes with both high-Fo and low-Fo compositions  



 
Figure 3. Olivine core compositions from ~1500 C.E. – 2020, shown as relative kernel 
densities and cumulative distribution functions. Data are divided into (a) the explosive 
Keanakāko‘i Tephra period from ~1500 - early 1800s C.E., (b) the modern effusive 
period from ~1820s to present, excluding (c) the recent 2018 lower East Rift Zone 
(LERZ) and 2020 Halema‘uma‘u (HMM) eruptions. 
  



 
 
Figure 4. Olivine forsterite content variations through time. Thick dashed lines mark 
known or interpreted collapse events that are inferred to have disrupted the summit 
reservoir system. Sustained eruptions are divided into smaller time periods (e.g., 
Maunaulu, Pu‘u‘ō‘ō). Data points reflect highest probability density values (see Figure 2) 
of olivine populations (n=17-433; see Supplementary Figures S1 and S2 for all kernel 
density plots and Table S3 for summary). Range bars show population data at 5th and 95th 
percentiles (Table S3). Data are from the following sources: 1500 - early1800s C.E. 
Keanakāko‘i Tephra (Lynn et al., 2017a, 2017b), 1840 upper ERZ (Trusdell, 1991), 1885 
Halema‘uma‘u (Garcia et al. 2003; this study), 1919 (Garcia et al. 2003), 1921 (Garcia et 
al., 2003; this study), 1959 Kīlauea Iki (Vinet and Higgins, 2011), 1969-1974 Maunaulu 
(Vinet and Higgins, 2010), July 1974 (Wieser et al., 2020; this study), December 1974 
(Vinet and Higgins, 2010; Wieser et al., 2020), ERZ 1983-2018 (Thornber et al., 2015; 
Lynn et al. 2017a; Gansecki et al., 2019; Wieser et al., 2021; Lerner et al., 2021), 
Halema‘uma‘u 2015-2018 (Gansecki et al., 2019; this study), and Halema‘uma‘u 2020 
(this study). 
  



  
 
Figure 5. Glass MgO (wt%) and magma supply rate variations through time. Each glass 
composition is a single analysis (unlike olivine modes, above). High-MgO glasses reflect 
olivine control (red region; see also Figure 2) whereas low-MgO glasses are evolved due 
to fractional crystallization (grey region). Inferred magma supply rates for 1400-1823 are 
based on the volume of erupted material (Swanson et al., 2014) and calculated magma 
supply rates for 1823-2008 are from Wright and Klein (2014). Rates for 2003-2008 are 
estimated by Poland et al. (2012), and Wright and Klein (2014) noted that the use of 
summit CO2 may overestimate these values. Glass data are from the following sources: 
‘Ailā‘au 1410-1470 C.E. (Clague et al., 1999), 1500 – early 1800s C.E. Keanakāko‘i 
Tephra (Helz et al., 2014a, 2014b; Lynn et al., 2017b, Garcia et al., 2018), 1868-1982 
summit (Helz, 1987; Helz et al., 1995, 2014a, 2014b; Wright and Helz, 1996; Garcia et 
al., 2003; Wieser et al., 2020), ERZ 1983-2018 (Helz et al., 1995; Thornber et al., 2015; 
Lynn et al., 2017a; Gansecki et al., 2019), and 2020 Halema‘uma‘u (this study).  
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Figure S1: Comparison of kernel density estimates using different bandwidths. The bandwidth 

automatically selected by MATLAB (solid black line; Any use of trade, firm, or product names 

is for descriptive purposes only and does not imply endorsement by the U.S. Government) 

oversmooths the data, whereas the 0.2 mol% bandwidth (dashed black line; akin to typical 

analytical error) undersmooths the data. Thus, we use the 0.5 mol% bandwidth (blue line) 

throughout the study.  
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Figure S2. Olivine core Fo histograms, kernel density plots and cumulative distribution 
functions for each eruption in Figure 4, 1500-1972. Data are from the following sources: 1500-
early 1800s C.E. Keanakāko‘i Tephra (Lynn et al., 2017b), 1840 upper ERZ (Trusdell, 1991), 
1885 Halema‘uma‘u (Garcia et al., 2003; this study), 1919 (Garcia et al., 2003), 1921 (Garcia et 
al., 2003; this study), 1959 Kīlauea Iki (Vinet and Higgins, 2011), 1969-1972 Maunaulu (Vinet 
and Higgens, 2010). 
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Figure S3. Olivine core Fo histograms, kernel density plots and cumulative distribution 
functions for each eruption in Figure 4, 1973-2020. Data are from the following sources: 1973-
1974 Maunaulu (Vinet and Higgens, 2010), July 1974 (Wieser et al., 2020; this study), 
December 1974 (Vinet and Higgens, 2010; Wieser et al., 2020), ERZ 1983-2018 (Thornber et 
al., 2015; Lynn et al., 2017a; Wieser et al., 2021; Lerner et al., 2021; Gansecki et al., 2019), 
Halema‘uma‘u 2015-2018 (Gansecki et al., 2019, this study), and Halema‘uma‘u 2020 (this 
study). 
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