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Eruption style at K̄ılauea Volcano in Hawai`i linked
to primary melt composition
I. R. Sides, M. Edmonds*, J. Maclennan, D. A. Swanson and B. F. Houghton

Explosive eruptions at basaltic volcanoes have been linked to gasQ.1 segregation from magmas at shallow depths in the crust.
The composition of primary melts formed at greater depths is thought to have little influence on eruptive style. Primary melts
formed at ocean island basaltic volcanoes are probably geochemically diverse because they are often associated with melting
of a heterogeneous plume source in the mantle. This heterogeneous primary melt composition, and particularly the content
of volatile gases, will profoundly influence magma buoyancy, storage and eruption style. Here we analyse the geochemistry
of a suite of melt inclusions from 25 historical eruptions at the ocean island volcano of Kı̄lauea, Hawai’i, over the past 600
years. We find that more explosive styles of eruption at Kı̄lauea Volcano are associated statistically with more geochemically
enriched primary melts that have higher volatile concentrations. These enriched melts ascend faster and retain their primary
nature, undergoing little interaction with the magma reservoir at the volcano’s summit. We conclude that the eruption style
and magma-supply rate at Kı̄lauea are fundamentally linked to the geochemistry of the primary melts formed deep below
the volcano. Magmas might therefore be predisposed towards explosivity right at the point of formation in their mantle
source region.

Eruption style at basaltic volcanoes such as Kı̄lauea has1

been up to now linked primarily to shallow changes in2

magma ascent rate1 and gas flux2, which determine whether3

the eruption is e�usive or explosive (Hawaiian—fountaining or4

Strombolian) in character. There is growing evidence, however,5

that the mantle source, and hence the melts generated beneath6

Kı̄lauea Volcano, are geochemically heterogeneous on small spatial7

scales3–5 andQ.2 distinct from any plume-scale geochemical zonation6–8,8

and that mantle heterogeneity may influence the extent of melting,9

magma supply rate and eruption style3,4. The concentrations of10

volatile elements in primary melts, like other incompatible trace11

elements, vary according to the source composition and the12

degree of mantle melting6,9. Relatively ‘enriched’ melts, with higher13

volatile concentrations and buoyancy, may ascend faster than more14

‘depleted’ melts10. These di�erences in ascent velocity may control15

magmatic pathways and evolution, leading the more enriched melts16

to carry more exsolved volatiles to low pressures, thus increasing17

the likelihood of explosive styles of volcanism. This study tests the18

hypothesis relating eruption style to pre-eruptive melt composition19

by examining the geochemistry of olivine-hosted melt inclusions20

(Methods) found in the products of 25 eruptions, classified by21

eruption style (Table 1), that have taken place over the past 60022

years at the summit and upper rift zones of Kı̄lauea Volcano (see23

Supplementary Data for a table describing the eruptions, data24

sources and deposit types; Fig. 1). The eruptions and deposits were25

classified according to the detailed scheme in Table 1, binned into26

e�usive, high fountain, fissure and ‘transient explosive’, an eruption27

class that includes gas-rich, melt-poor explosions.28

Olivine and melt inclusion geochemistry29

Olivine core compositions range from 77.5 to 89.2 mol% forsterite30

(Fo), shown as a function of the carrier glass Mg# on a Rhodes31

plot in

Q.3

Fig. 2a. All eruption types produce olivines and matrix32

glasses with a wide range of compositions, although the highest33

Fo and Mg# values are associated with high-fountaining eruptions 34

and the lowest with e�usive eruptions. In general, the e�usive and 35

transient explosive eruptions are closest to equilibrium with their 36

carrier melts. The poor correlation between the host olivines and 37

their average carrier melt compositions Q.4indicates a high degree 38

of crystal–melt disequilibrium. The moderate CaO contents of 39

the olivines (0.18–0.35wt%) suggest that they are magmatic4 but 40

they are, in general, too forsteritic to be in equilibrium with their 41

carrier liquid, indicating that they may have been entrained from 42

mush that crystallized from more primitive melts11. Preservation 43

of chemical disequilibrium requires that the olivines were held in 44

the carrier melt for a timescale that was short compared with that 45

for di�usional equilibration12. Most of the eruption samples track 46

the 1:1 correspondence line between average melt inclusion La/Yb 47

ratios versus the La/Yb of the matrix glasses for each eruption, 48

implying that the inclusion populations reflect the pre-eruptivemelt 49

composition (Fig. 2b). However, a number of samples do not; of 50

these, most belong to high-fountaining and fissure eruptions. These 51

melts may have encountered stored magmas during ascent, which 52

resulted in heterogeneous carrier melts. 53

Q.5The post-entrapment crystallization (PEC)-corrected melt 54

inclusions have 6.41–14.7 wt% MgO and the matrix glasses 4.27– 55

10.3 wt% MgO (Supplementary Fig. 1 and see Supplementary 56

Methods for details of the PEC correction procedure). There 57

is significant variation in minor and trace elements (outside 58

the uncertainty associated with either analytical error or the 59

PEC corrections) at constant forsterite content (Supplementary 60

Fig. 2). Trace element concentrations in the matrix glasses and 61

melt inclusions exhibit substantial variation both within and 62

between individual eruptions. The inclusions erupted during high 63

fountaining exhibit a broader range in minor and trace element 64

compositions than the other groups (Supplementary Figs 2 and 3). 65

These large variations are seen for all elements and throughout all 66

eruption style categories. 67
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Figure 1 | Spatial and temporal context of the study. a–c, Overview map with sample locations and key to eruptive type (a); time series of Nb/Y in matrix
glasses (b) and Nb/Y in melt inclusions (c). Open symbols and error bars in b and c indicate analytical uncertainty. See Supplementary Data for
microanalytical methods.

Table 1 |Description of the eruptions and deposits within each eruption class.

Style Eruption description Sample description

E�usive Lava flows, no explosive component Upper 1–1.5 cm of the glass-rich vesicular rope texture on pāhoehoe lava flow
surfaces.

Fissure/weak
fountain

Low (< 50 m) linear arrays of fountains,
forming spatter ramparts

A spectrum of highly vesicular to dense scoria clasts. Scoria clasts typically
fragments 2–3 cm with a fluidal, smooth exterior of dense glass and an inner
vesicular (70–85% vol%) core. Vesicles generally spherical, up to 0.5 cm
diameter, with relatively thick walls.

High fountain Point source fountains 50–600 m in height Some deposits rich in achneliths and pumice clasts with fluidal surfaces and
highly vesicular interiors; others with ragged, highly vesicular golden pumice and
reticulite with up to 98% vesicularity. The highest fountains produced spatter
bombs up to 25 cm in diameter.

Transient
explosive

Gas-rich, melt-poor explosions Mixture of lithic and juvenile material including lithic blocks, lapilli and ash, Pele’s
hair and tears, and juvenile bombs up to 20 cm diameter. The bombs are discrete
globules of vesicle-rich spatter and pumice, angular chunks of fresh and oxidized
scoria and glass-coated lapilli.

Phreatomagmatic Ash-rich explosive eruptions caused by
interaction of magma with groundwater

Mixtures of juvenile and lithic components, ranging from well-sorted fine ash,
loose crystals and lapilli to scattered large blocks up to 1 m. Fluidal clasts absent.
Most lapilli-sized particles were microcrystalline and bounded by fractured
surfaces; rare pristine glass.

The melt inclusions and matrix glasses contain 0.07–0.68wt%1

H2O and from below detection to 656 p.p.m. CO2, in broad2

accordance with previous studies13–16 (Fig. 3a). The melt inclusions3

equilibrated at <1.5 kbar (refs 17) if the melts were vapour-4

saturated (Fig. 3a). There are significant di�erences in the volatile5

concentrations of pre-eruptive melts associated with di�erent6

eruption styles, with the largest range in volatile concentrations in7

the high-fountaining and fissure products. E�usive and transient 8

explosive melt inclusions have generally lower H2O and CO2 9

concentrations. The melt inclusions associated with e�usive 10

eruptions have a narrow range of H2O contents, <0.15wt%, but 11

contain two inclusions with very highCO2. TheH2O concentrations 12

of the Lō‘ihimelts are generally higher thanmost Kı̄lauea inclusions, 13

ranging from 0.62 to 0.77wt% H2O, and CO2 varies from below 14
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Figure 2 | Compositional relationship between melt inclusions, host olivines and carrier liquids. a, Rhodes plot of Fo content against host Mg#. b, Mean
La/Yb of the melt inclusions against La/Yb of the matrix glasses.

detection to 479 p.p.m. CO2 (Fig. 3a). Sulphur concentrations1

are 107–1,791 p.p.m. in the inclusions and 35–1,459 p.p.m. in the2

matrix glasses, although most matrix glasses have <400 p.p.m.3

S (Supplementary Fig. 4), similar to previously reported6,16,18,19.4

Chlorine (Cl) and fluorine (F) concentrations are 62–1,108 p.p.m.5

and 176–807 p.p.m. respectively in the melt inclusions, and6

51–301 p.p.m. and 97–1,012 p.p.m. respectively in the subaerial7

matrix glasses (Supplementary Fig. 4), comparable to halogen8

concentrations previously recorded for Kı̄lauea5,16,20,21. The Cl and9

F concentrations do not correlate with non-volatile incompatible10

elements such as La or with other volatile elements (Supplementary11

Fig. 4). Cl/K2O values are mostly less than 0.036 (Supplementary12

Data), and there is no evidence for subvolcanic contamination by13

sea water21. High-fountaining products have the greatest range of14

Cl and F concentrations.15

Unlike whole-rock compositions, melt inclusion compositions16

are una�ected by crystal accumulation and their geochemistry17

records melt di�erentiation and degassing before eruption. The18

large range of incompatible minor and trace element abundances19

at constant Fo content of olivine may be explained by the mixing20

of geochemically heterogeneous melts that formed as a result of21

variations in the source composition or partial melting process22–24.22

The more homogeneous compositions of the matrix glass samples23

are consistent with the complete mixing of these melts in the24

reservoir before each eruption.25

Statistical geochemical di�erences between eruption26

styles27

To determine whether the apparent geochemical di�erences28

between

Q.6

the eruption groups are significant, the Kolmogorov–29

Smirnov (KS) test (Supplementary Methods) is used. The analyses30

in each eruption population are plotted on cumulative histograms31

(Fig. 3). The KS test uses the maximum o�set in cumulative32

percentage at a given concentration (the KS statistic,D) to ascertain33

whether sets of melt inclusions are drawn from the same underlying34

population (Supplementary Fig. 5). The P values (Supplementary35

Table 4) reflect the significance of the di�erence; when P is <36

0.05, the null hypothesis (that there is no di�erence between37

the populations) can be rejected at the >95% confidence level.38

The KS statistics for the comparison between the e�usive and39

high-fountaining styles of eruption are shown in Fig. 3, and the40

full set of statistics is given in Supplementary Data. In terms of 41

CO2 concentrations, the statistics show that there are significant 42

di�erences between the high-fountaining eruptions and both the 43

e�usive and transient explosive eruptions, with D> 26% and P < 44

2%. For Nb/Y, the statistics confirm significant di�erences between 45

all eruption styles, aside from between fissure and high-fountaining 46

eruptions, which are similar. For Fo content, the statistics show 47

highly significant di�erences between all of the eruption styles (D> 48

35% and P<0.1%). The data confirm that di�erent eruption styles 49

at Kı̄lauea are associated with significantly di�erent pre-eruptive 50

melt geochemical signatures, with more than 95% certainty that 51

each group is sampling di�erent underlying populations. 52

Melt inclusions associated with high-fountaining eruptions, 53

which includes products from the earliest Keanākako‘i eruption 54

about 1500, the 1820–1823 Golden Pumice, the 1959 Kı̄lauea 55

Iki, the 1960 Kapoho and the 1969 Mauna Ulu eruption, have 56

distributions with higher preserved concentrations of CO2 (Fig. 3b) 57

than those inclusions from either e�usive activity or transient 58

explosive explosions, perhaps indicating that they equilibrated 59

deeper in the system before eruption25 or that the melt inclusions 60

experienced less PEC (ref. 26). Themelt inclusions from fountaining 61

and fissure eruption samples also have higher H2O concentrations 62

(Fig. 3a), although it is almost certain that the e�usive, and 63

to some extent the explosively erupted melt inclusions, lost H+
64

owing to di�usion during eruption and flow27,28. High-fountain and 65

fissure Q.7eruption melts are significantly more enriched in highly 66

incompatible light rare earth elements than melts associated with 67

other eruption types (Fig. 3c). The higher Nb/Y of these eruption 68

styles strongly implies that their primary melts are also richer in 69

CO2 and other volatiles29, which is consistent with deeper saturation 70

and higher ascent rates from depth30. Melt inclusions in the high- 71

fountain category are hosted in themost Fo-rich olivine populations 72

(Fig. 3d), indicating that the pre-eruptive melts are more primitive 73

than those of other styles, including the fissure events. 74

Explosive eruptions fed by enriched, volatile-rich melts 75

Apicture of the geochemical control on eruption style emerges. Hot, 76

primitive, enriched melts ascend rapidly from depth owing to the 77

enhanced buoyancy imparted by their higher volatile contents, they 78

may bypass the summit magma reservoir and erupt explosively as 79

high fountains (owing to their high exsolved gas content and ascent 80
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Figure 3 | Variations in melt inclusion compositions between di�erent eruptive styles. a, CO2 versus H2O (isobars from ref. 17). b, Cumulative histogram
of CO2 concentrations. c, Cumulative histogram of Nb/Y. d, Cumulative histogram of Fo content of olivine hosts. The KS statistics for the pair of
distributions ‘e�usive’ and ‘high fountaining’ eruptions are shown (see Supplementary Data for a full description of the statistical test). Colour-coded for
eruption style, see legend.

rate) just outside the margins of the caldera. More geochemically1

depleted melts (with lower volatile contents) ascend more slowly2

and intersect bodies of stored melts, stall, fractionate, degas and3

homogenize, before erupting in an e�usive, or transient explosive4

style (Fig. 4). The depletedmeltsmay be extensively ‘flushed’ by CO25

as gas segregates to the reservoir roof, giving rise to the persistent6

summit CO2 gas plume31. Fissure eruptions, which commonly take7

place inside the caldera, are generated from inherently volatile-8

rich melts that, in some cases, may have been stored for slightly9

longer at shallow depths, undergoing greater fractionation, but still10

have enough vapour associated with them to be more buoyant11

and erupt explosively. It is common for eruptions to transition12

from fissure-type to high fountaining, controlled essentially by the13

plumbing system. In these cases there is no geochemical di�erence14

between the two styles, and this is consistent with the statistical data15

(Supplementary Table 4).16

The volatile composition of primitive melts17

We can estimate volatile concentrations in the ‘depleted’ and18

‘enriched’ primitive melts based on the concentrations of Nb and19

Ce in the melt inclusions, on the basis that the partition coe�cients20

for these elements are similar to CO2 and H2O respectively, during21

melting6,9,32. Degassing of H2O and CO2 from the melt inclusions 22

will lower H2O/Ce and CO2/Nb. There are three examples in the 23

literature where the CO2/Nb ratio of undegassed melts has been 24

quantified29,33,34. The CO2/Nb ratios from these studies range from 25

239± 46 (for depleted melts from the Siqueiros transform fault 26

on the East Pacific Rise29), 314 ± 125 (for melt inclusions from 27

Borgarhraun, northern Iceland34) and mean values of 537 and 28

724 (from measurement of both dissolved and vesicle carbon in 29

samples from theMid-Atlantic Ridge at 14�N and 34�N respectively, 30

which include the ‘popping rocks’33,35). ReportedCO2/Nb ratiosmay 31

therefore vary by at least a factor of three. A study of volatiles 32

and trace elements of Lo‘ihi samples quantified bulk (dissolved
Q.8

and 33

vesicle) CO2, as well as Nb (ref. 6). Bulk CO2 in these samples 34

reached a maximum of 0.63wt% (ref. 6). The Nb content of the 35

samples ranged from11 to 17 p.p.m., yielding a potential undegassed 36

CO2/Nb of 350–570. Given the geochemical heterogeneity in our 37

samples it is likely that the CO2/Nb ratio of the undegassed 38

melts was also variable. The CO2/Nb ratios of the Kı̄lauea melt 39

inclusions are 2–68 (Supplementary Fig. 6). The melt inclusions 40

have undergone significant depletion of CO2 before (by degassing) 41

and/or after (by partitioning into a shrinkage bubble) entrapment. 42

After normalizing the melt compositions to 15wt% MgO (using 43
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Petrolog3 (ref. 36); see Supplementary Data) and using a CO2/Nb1

ratio of 314± 125 (ref. 34), we estimate that primitive melt CO22

concentrations may have ranged between 0.17 (±0.07) and 0.683

(±0.27) wt% over the past 600 years (Supplementary Data), which4

encompasses the estimate derived from magma supply rate and gas5

flux measurements (0.7 wt% (ref. 31); Fig. 1b). We acknowledge6

significant uncertainty associated with these ranges, as the range7

in CO2/Nb for primitive undegassed Kı̄lauea melts is not known8

precisely. If, for example, the maximum CO2/Nb ratioQ.9 was more9

similar to 724, the mean value for the Mid-Atlantic Ridge at 34�N10

(ref. 33) (we regard this as an extreme value), these estimates would11

become 0.39–1.6 wt% CO2. This range still encompasses the CO212

content of primary magmas estimated from volcanic gas fluxes31.13

The H2O/Ce ratios in the melts are better understood, owing to14

the frequent occurrence of undegassed (with respect to H2O) melts15

to examine6,32,37. In the melt inclusions presented here, H2O/Ce16

ratios range from 18 to 315, the highest values (mostly fountain and17

fissure samples from the twentieth century) far exceeding the range18

observed in submarine glasses from Hawai‘i (349 for South Arch19

glasses9 and 182 for a high-Mg Kı̄lauea glass6); this indicates that20

some melts may be inherently enriched in H2O owing to a change21

in mantle source composition. Using the relationship between Pb22

isotope composition and H2O/Ce for Loihi melts6 and the range in23

Pb isotopes in lavas erupted over the historical period at Kı̄lauea3,24

we can estimate that the H2O/Ce ratio for primitive melts lies in the25

range 150–200, giving rise to primitive melt compositions of 0.27–26

0.80wt% H2O, higher and more variable than, but encompassing,27

previous estimates16,19,38,39. We propose that the more volatile-rich28

melts are those that statistically aremore likely to bypass the summit29

magma reservoir, retain their primitive composition, and ultimately30

drive explosive high-fountaining eruptions.31

Temporal trends in melt composition and eruption style32

The matrix glass and inclusion compositions change coherently33

through time (Fig. 1b,c), similar to the whole-rock data3. Matrix34

glass compositions are relatively uniform from 1500 to the early35

nineteenth century, after which the abundance of incompatible 36

minor elements (K2O, P2O5, TiO2) and La/Yb and Nb/Y increase 37

(Fig. 1b) until the 1959 Kı̄lauea Iki eruption. Subsequent eruptions 38

(between 1961 and 2010) have decreasing incompatible element 39

concentrations and decreasing La/Yb and Nb/Y (Fig. 1b). 40

These trends are similar to those observed in the whole-rock 41

compositions3,5, although the matrix glass compositions have a 42

larger degree of compositional variation. The melt inclusion trends 43

mimic those of the matrix glasses but are less distinct, owing to 44

the larger range of compositions for each eruption. As for eruption 45

style, a similar statistical approach may be used to examine the 46

di�erences between the temporal groups (Supplementary Fig. 7). 47

The twentieth-century melts (erupted 1919–1982) are statistically 48

more primitive, more enriched in highly incompatible elements 49

and preserve higher volatile concentrations than melts erupted 50

during any other period. The pre- AD 1500 and twenty-first 51

century melts are compositionally similar, with no statistical 52

di�erence in their La/Yb ratios. These eruptions are volatile-poor 53

and significantly more evolved than those produced during the 54

intervening eruptions. The nineteenth-century melts have an 55

intermediate La/Yb and Nb/Y signature but are volatile-poor. 56

Our results for melt inclusions, in addition to changes in whole- 57

rock isotopic compositions and trace element ratios3, suggest the 58

source region for melting at Kı̄lauea is heterogeneous3–5 on short 59

spatial scales. Coupled with the variability in source composition 60

may be changes in the degree of partial melting. Modelling 61

using whole-rock data3 suggests that the degree of melting may 62

have halved from the early nineteenth to mid-twentieth century, 63

correlatingwith a period of lowermagma supply rate3. Subsequently, 64

the degree of partial melting and magma supply rate may have 65

increased between the mid and late-twentieth century3. 66

Most of the sampled high-fountaining events occurred during 67

the twentieth century, many of the intermediate-enriched fissure 68

products sampled formed during the nineteenth and twentieth 69

centuries, and most of the twenty-first-century eruptions were 70

transient explosive events involving volatile-poor, relatively evolved 71

melts. It is important to note that not all high-fountaining eruptions 72

occurred in the twentieth century, and others, such as the reticulite- 73

producing fountains immediately after caldera formation in about 74

AD 1550, are not as compositionally enriched as melts associated 75

with fissure eruptions during the twentieth century.Nonetheless, the 76

overall populations define distinct geochemical trends that suggest 77

that eruptive styles at Kı̄lauea are dictated not only by tectonic 78

structure, stress field and shallow magmatic processes40 but also 79

by changes in primitive melt geochemistry, linked to the degree of 80

melting and the composition of themantle on the timescales of years 81

to decades. 82

Methods 83

Deposits from 25 eruptions were sampled from the summit region and both rift 84

zones (Fig. 1a and Supplementary Table 1). The samples were classified according 85

to eruption style by careful study of the deposit characteristics and where 86

observational accounts of the eruptions exist, by the character of the eruption 87

that produced them (Table 1). Olivines were picked and mounted, ground and 88

polished to expose the melt inclusions. The inclusions were analysed using 89

secondary-ion mass spectrometry for carbon dioxide and water concentrations, 90

and by electron microprobe for major, minor and the volatiles sulphur chlorine 91

and fluorine, and by laser ablation inductively coupled plasma mass spectrometry 92

for trace elements. Host olivines were analysed for their major element 93

composition by electron microprobe (Supplementary Methods for details of the 94

analytical methods). Melt inclusion compositions were corrected for PEC and Fe 95

loss using the Petrolog3 software41, requiring on average <10% olivine addition41 96

(Supplementary Methods for details of the correction procedure). Samples have 97

10–20 vol% olivine 0.5–2.0mm in size, containing inclusions of pale brown glass 98

up to 300 µm in diameter and clusters of small elliptical fluid inclusions. Melt 99

inclusions that were fractured, necked or contained >5 vol% oxides were 100

discarded. Vapour bubbles exist in 116 of the 374 melt inclusions analysed (most 101

occupying <7 vol% of the inclusion). 102
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