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The tangled tale of Kilauea’s 2018 eruption
as told by geochemical monitoring
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INTRODUCTION: Fissures sliced through Kilauea
Volcano’s lower east rift zone on 3 May 2018,
eventually engulfing hundreds of structures
in lava flows and triggering a collapse at the
summit. During the eruption, we employed a
rapid routine for geochemical analysis of lava,
developed over 6 years of monitoring the prior
continuous eruption at Kilauea. The appli-
cation of this routine elevated lava chemistry
to a near real-time data stream in eruption
monitoring, similar to seismic and geodetic
data. It provided an unparalleled opportunity
to understand changes in magma character-
istics during a rapidly evolving eruptive crisis.

RATIONALE: Lava chemistry provides vital in-
formation on the underground sources of
magma, eruptive conditions, temperature, and
physical properties of lava flows. However,
analytical techniques are typically slow, leav-
ing chemical analysis of lava as a retrospective

Pu'u‘0'61983-2018

tool in the volcano sciences. We developed
an analytical procedure to characterize the
geochemistry of lava within a few hours of
sample collection, allowing us to identify a
specific suite of major and trace elements
that track lava compositions and estimate
lava temperatures through chemical geo-
thermometers. This information was used to
inform response teams of shifts in eruptive
conditions.

RESULTS: The initial fissures erupted low vol-
umes of chemically evolved basaltic lavas
from 3 to 9 May, which were viscous and cool
(~1110°C). On 13 May we detected less-evolved
compositions and an increase in inferred
lava temperatures (~1130°C). We informed
science and response teams that the arrival
of more fluid and voluminous lava was likely.
Beginning 17 to 18 May, the lava from the pri-
mary fissures became increasingly less chem-
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The 2018 lower east rift zone eruption of Kilauea Volcano with inferred magma sources and
pathways. (A) Simplified model of Kilauea's magma system feeding the 2018 lower east rift zone

eruption and locations of hypothesized magma end-members (b.s.l., below sea level). (B) Fluid basalt erupting
from fissure 20 on 20 May 2018. (C) Fissure 17 erupting andesite more explosively 800 m away.
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ically evolved, hotter, and more fluid. By 28 May,
activity focused on a single vent (fissure 8).
This vent fed a massive outpouring of hotter
(~1145°C) lava that continued for more than
2 months. During this stage, lavas became

slightly hotter and lost the
cargo of lower-temperature
Read the full article  Minerals that were ini-
at http://dx.doi. tially abundant. The lava
org/10.1126/ carried olivine crystals
science.aaz0147 with unusually high MgO,
indicative of the presence
of much hotter magma (>1270°C) somewhere
in the plumbing system. A second dominant
olivine population formed in cooler magma
similar to what was being erupted previously
at the summit lava lake.

We also identified simultaneous, but more
explosive, repetitive outbursts of andesite lava.
This highly viscous and evolved composition,
not previously known from Kilauea, erupted
at low temperatures (1060° to 1090°C) on a
fissure offset from the other eruption fissures.
The chemical and mineralogical fingerprint of
this lava was also detected at other fissures
several kilometers from the andesite vent.

CONCLUSION: Analysis of the data during the
eruption revealed that at least three different
sources of magma were feeding the eruption.
The first two were the chemically evolved
basalt of the initial fissures and the highly
viscous andesite. Both are volumetrically minor
sources that represent distinct pockets of old
residual magma from Kilauea’s east rift zone
that evolved for more than 55 years, cool-
ing and crystallizing at depth. The third and
volumetrically more substantial source was
less-evolved and hotter basalt of fissure 8.
This source was similar in composition to
the magma erupted at Kilauea in the years
before 2018 and was ultimately derived from
the summit region. Draining and collapse
of the summit by this voluminous eruption
may have stirred up deeper, hotter parts of
the summit magma system and sent mixed
magma down the rift. By the final 20 days
of the eruption, most magma stored within
the active rift system had flushed out. Post-
eruption analyses done by traditional geochem-
ical methods confirmed that the rapid-response
routine produced comparable data and vali-
dated the models proposed during the active
eruption. Our work has demonstrated that
geochemical analyses of lava samples in near-
real-time can yield critical information that
enhances hazard assessments and risk mit-
igation during an eruption.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: gansecki@hawaii.edu
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Changes in magma chemistry that affect eruptive behavior occur during many volcanic eruptions, but
typical analytical techniques are too slow to contribute to hazard monitoring. We used rapid energy-
dispersive x-ray fluorescence analysis to measure diagnostic elements in lava samples within a few
hours of collection during the 2018 Kilauea eruption. The geochemical data provided important
information for field crews and civil authorities in advance of changing hazards during the eruption.
The appearance of hotter magma was recognized several days before the onset of voluminous eruptions
of fast-moving flows that destroyed hundreds of homes. We identified, in near real-time, interactions
between older, colder, stored magma—including the unexpected eruption of andesite—and hotter

magma delivered during dike emplacement.

hemical analysis of lava provides a

wealth of information about physical

properties of flows, eruptive conditions,

magma transport, and magma storage.

Typically, analyses trail events by weeks
to months, which inhibits combining geo-
chemical data with live streams of seismic,
geodetic, gas chemistry data, and field ob-
servations. Chemical changes have particu-
lar significance at Kilauea Volcano, where the
initial phases of many fissure eruptions are
dominated by differentiated lava from past
eruptions that is stored in the rift zone [e.g.,
(I-3)]. The degree of fractionation, the volume
of stored magma, and the amount of mixing
with intruding magma are highly variable and
exert substantial control on eruption behavior.
In long-lived rift eruptions such as Pu‘u ‘O
(1983-2018), fractionated magma may take sev-
eral years to flush out, before lava compositions
become dominated by the newer magma and
stabilize (4). During the 2018 Kilauea lower East
Rift Zone (LERZ) eruption, the collection and
rapid chemical analysis of lava samples were
key to identifying and monitoring properties
of lava and deciphering eruptive processes as
they occurred.

The U.S. Geological Survey (USGS) Hawaiian
Volcano Observatory (HVO) and the University
of Hawaii at Hilo (UH Hilo) have partnered
since 2012 to develop a rapid analytical pro-
tocol to characterize lava from active erup-
tions within a few hours of collection. The
procedure developed during the continuous
eruption of Pu‘u ‘O rapidly analyzes a lim-
ited suite of trace elements and major elements

!Department of Geology, University of Hawai'i at Hilo, 200 W.
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to identify changes in maximum lava temper-
atures, crystal fractionation trends, storage, and
source origins. The chemical data are easily
integrated with other monitoring data sources
during an eruptive crisis, allowing interpreta-
tions and hazard assessments in real time not
previously possible.

2018 Kilauea eruption

The collapse of the long-lived Pu‘u ‘O‘0 vent of
Kilauea volcano on the Island of Hawai‘i on

Kilauea
volcano

30 April was followed by downrift propaga-
tion of a dike into the LERZ (5). On 3 May,
eruptive fissures opened in the Leilani Estates
subdivision west of Pohoiki Road. Fifteen fis-
sure segments erupted along a single fracture
trend during the first week, followed by an
eruptive pause beginning on 9 May, although
local earthquakes and deformation continued
(5). On 12 May, new fissures opened east of
Pohoiki Road downrift along the same trend,
eventually extending 6.8 km in total length
along 24 fissures (Fig. 1) (5). Only one fissure,
17, opened offset from the others (Fig. 1). Lava
output increased rapidly as the main eruptive
activity shifted back uprift through May.
Massive flows from fissure 8 commenced on
28 May and remained vigorously active until
4 August (5). The last active lava was observed
in the fissure 8 vent on 5 September. Effusion
rates up to 200 m?/s (dense-rock equivalent)
produced an estimated total of 0.8 to 1.0 km?
of lava, making this the largest LERZ eruption
in 200 years (5).

The timing and pattern of 2018 LERZ fissure
eruptions define four general eruptive phases.
The first three eruptive phases coincide largely
with the changes in composition that we de-
scribe below, whereas phase 4 produced no
lava to analyze. We also consider the eruption
of fissure 17, and the later reactivation of cer-
tain fissures (particularly 13, 18, 19, and 22), as
discrete events that warrant separate consid-
eration given their compositional differences.

[] Early Phase 1
. Late Phase 1

[ Phase2
. Phase 3

. Fissure 17
@@ Vents

Fig. 1. Map of lava flows and vents from the 2018 Kilauea eruption. Flows are color-coded by eruptive
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sequence: gold is lava from early phase 1 (initial fissures), stippled green is late phase 1 (early downrift fissures),
striped red is fissure 17, light blue is phase 2 (flows of 17 to 27 May), dark blue is phase 3 (after 27 May). Numbers
mark vent locations mentioned in text; magenta dots are reactivated fissures. The pre-eruption coastline is shown in
light blue. Locations of tilt station WAPM and seismic station KLUD are shown as squares. Inset map shows the Island
of Hawai'i and Kilauea Volcano with the summit Halema‘uma‘u lava lake (black triangle) and Pu‘u ‘06 vent (black
square) marked; map area is outlined. Map data: Esri, County of Hawaii, Hawaii Statewide GIS Program and USGS (25).
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Early phase 1 (3 to 9 May, fissures 1 to 15,
~0.1% of total erupted volume) and late phase
1 (12 to 18 May, fissures 16, 18 to 20, 22, ~0.1%
of total erupted volume) were both small-
volume, short-lived fissures separated by a
short eruptive pause and a shift downrift
(Fig. 1). Phase 2 saw increased lava effusion
that sent large flows to the southeast as foun-
taining migrated back uprift (17 to 27 May;
fissures 21 to 24, others continue or reac-
tivate, ~3 to 7% of total volume). During
phase 3, voluminous output from fissure
8 vent produced a large and destructive chan-
nelized lava flow (28 May to 4 August; ~92 to
96% of total volume). Fissure 17 produced
fountains, highly viscous lava flows, and ex-
plosive bursts (13 to 25 May; ~0.5 to 0.6%
total volume).

Geochemical analysis

USGS-HVO field crews collected 113 molten
or recently solidified samples during the erup-
tion. Samples were delivered 2 to 12 hours
after collection to UH Hilo, where they were
dried, given a quick petrographic overview,
and prepared for analysis (6). We analyzed all
samples by energy-dispersive x-ray fluores-
cence spectroscopy (EDXRF) for a limited suite
of whole-rock major (Ca, K, Ti, Mg) and trace
(Rb, Sr, Zr, Y, Nb) elements (data S1) (7). The
main advantages of EDXRF for geochemical
monitoring are minimal sample preparation
and rapid data production. The turnaround
time from rock to data was 1 to 2 hours, and
we analyzed most within 24 hours of field col-

lection. We analyzed a subset of samples dur-
ing and after the eruption by conventional
wavelength-dispersive X-ray fluorescence
(WDXRF) spectroscopy for a full suite of ele-
ments (data S2) (7). We also determined matrix
glass (data S3) (7) and phenocryst (data S4)
compositions by electron microprobe analysis
(EMPA) on polished thin sections and grain
mounts from representative samples. Matrix
glass compositions represent the melt com-
ponent of magma.

Geothermometry

We calculated lava temperatures using Ca- or
Mg-based geothermometers calibrated using
Kilauea glasses (7, 8). For initial estimates of
lava temperature, we used the geothermom-
eters on whole-rock, EDXRF-derived CaO or
MgO. Because the equations were empirically
derived from mineral-free glass, calculated
temperatures will be biased high when Ca- or
Mg-rich minerals are present and thus repre-
sent a maximum temperature (given as 7caomax
and Tygomax)- These estimates generally agreed
within ~5°C; greater divergence is an indica-
tion of disequilibrium between the glass and
mineral phases (9). EMPA analysis of matrix
glass for MgO and CaO produces more accu-
rate melt temperatures, but takes longer to
obtain. Tcaog and Tygog Were generally 5° to
15C° cooler than Ttaomax and Tyigomax (Table 1)
unless the sample was crystal-poor. Some sam-
ples showed larger differences, in particular
the highly evolved and crystal-rich andesite
from fissure 17.

|
Table 1. Calculated average eruptive temperatures and representative incompatible-element
compositions. Whole-rock Zr and Nb compositions, plus average whole-rock and glass temperatures
from Ca0 and MgO glass thermometers (8). Bulk maximum temperatures from rapid-response
EDXRF and WDXRF duplicates (in parentheses) generally agree within 2° to 3°C (data S1 and S2) (7).
Glass temperatures from EMP analysis of MgO and Ca0 in matrix glass (data S3). Glass temperatures
are lower than the bulk-rock temperatures, except in later phase 3 where few Ca-bearing crystals are
present. The rapid-analysis temperatures show the same pattern as the glass: substantially cooler
than Pu‘u ‘0°0 in early phase 1, higher temperature in late phase 1, then reaching Pu'u ‘O'0-like

temperatures in phase 3.

Bulk rock (max) temp. Glass temp.
Source Zr (ppm) Nb (ppm)
Tcao (°C)  Tmgo (°C) Tcao (°C) Twmgo (°C)
Halema‘uma'u lava lake N/A* (1160) N/A 1155 140 (136) 12 (12)
Pu‘u ‘0’0 2018 1149 (1152) 1148 (1154) 1144 1143 145 (138) 14 (13)
2018 LERZ Eruption:
Early Phase 1 1111 (1113) 1107 (1111) 1104 1097 288 (283) 28 (27)
Late Phase 1 1128 (1131) 1130 (1132) 1113 1106 222 (213) 20 (19)
Phase 2 1144 (1143) 1158 (1160) + 1129 1126 169 (166) 16 (15)
Phase 3 1143 (1144) 1180 (1176) T 1142 1146 153 (146) 14 (13)
Fissure 17 explosive 1062 (1063) 1068 (1065) 1028 1033 543 (540) 41 (41)
Fissure 17 late flow 1093 (1098) 1088 (1096) 1079 1071 367 (365) 31 (31)
Reactivated F22 1097 (1103) 1093 (1108) 1084 1074 348 (329) 30 (28)
Reactivated F13 1115 (1117) 1114 (1119) 1094 1093 291 (284) 25 (24)

*Qlivine only, Tcao Not applicable.

GansecKi et al., Science 366, eaaz0147 (2019)

TEntrained (high-Mg0) olivine makes temperature estimates too high.
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Results

Early phase 1: Eruption of low-temperature,
highly differentiated lavas (3 to 9 May 2018)
Highly differentiated basalt erupted from
15 fissures in or near the Leilani Estates sub-
division during the first week of the eruption.
Cooling and crystallization produce differen-
tiated or evolved magmas enriched in “in-
compatible” elements (Zr, Nb, K, Ti, and
others) not incorporated into crystals. Early
phase 1 incompatible-trace-element concen-
trations (Zr and Nb) were twice that of aver-
age lava erupted during the past 35 years of
activity on Kilauea (Table 1, Fig. 2, and data
S1). Compatible major elements MgO (Fig. 2)
and CaO (Fig. 3) were low, giving a maximum
temperature of ~1110°C, about 30° to 40°C
lower than temperatures typical of previous
Pu‘u ‘00 and Halema‘uma‘u eruptions (Table 1).
TiO, concentrations were much higher in
this phase than any others (Fig. 4).

The whole-rock WDXRF analyses of SiO,
[51.7 to 52.3 weight % (Wt %)] and alkalis
(Na,0+K,0 = 3.8 to 4 wt %) confirmed values
higher than typical Kilauea compositions (10)
and were classified as silica-rich tholeiitic basalt
to borderline basaltic andesite (data S2).

We calculated representative melt temper-
atures of 1104°C from CaO and 1097°C from
MgO on matrix glasses, which were about
10°C cooler than maximum temperatures cal-
culated from EDXRF data. Glass SiO, compo-
sitions from the 2018 LERZ, as well as earlier
Pu‘u ‘O0 and summit samples, were mostly
typical for Kilauea tholeiitic basalts, averaging
50 to 51 wt %. Higher glass SiO, was only ob-
served in two phase 1 samples, in addition to
samples from fissure 17 and several reactivated
fissures (data S3).

Rapidly cooled lava from early phase 1 was
glassy and appeared mostly aphyric in hand
specimen, but we identified 30 to 40% micro-
lites with scanning electron microscopy (SEM).
These crystals were mostly high-aspect ratio
plagioclase laths 20 to 100um in length. Larger,
more equant phenocrysts of plagioclase and
pyroxene up to 1 mm in size were also present.
Plagioclase of Ans, 5 was most common,
though a few had more anorthitic cores (Fig. 5).
Pyroxenes were mostly augite with some high-
Mg orthopyroxene-pigeonite (~70% enstatite
component) (fig. S1). Most phenocrysts showed
strong normal zoning with more Mg-rich
cores. Rare ilmenite and Fog,. o olivine (Fig. 5)
were present in some samples.

Late phase 1: Eruption of higher-temperature,
less-differentiated lavas (12 to 18 May 2018)

Tremor and deformation continued through
the 9 to 11 May pause in eruptive activity,
tracking migration of the dike 2 km eastward
over 3 days (Fig. 3) (5). Beginning on 12 May,
fissures 16, 18 to 20, and 22 erupted east of
Pohoiki Road, downrift of the earlier fissures,
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Fig. 2. Plot of incompatible element (Zr) versus a differentiation index (Mg0) for all lava samples
from the 2018 Kilauea eruption. Data from whole-rock EDXRF (data S1) (7) except black circles are WDXRF
data obtained on a subset of the same samples (data S2) (7). Datasets show good agreement despite
relatively large error for MgO. Gray area is region of 2016-2018 values from Pu‘u ‘0'0 lava; black triangle is
the last lava from Pu‘u ‘0‘0. Bar in lower left gives estimated EDXRF 1 SD MgO error of +0.31 wt % (Zr 1 SD

error of £3 ppm is within symbol size).

but along the geophysically defined strike of
the intrusion (Fig. 1).

The composition of the late phase 1 lava
was promptly recognized as substantially
less fractionated than the initial western
fissure lava, having lower incompatible ele-
ments (Fig. 2 and Table 1), higher CaO (Fig. 3),
and higher MgO (Fig. 2). The Tcaomax Of
1128°C was 15° to 20°C higher than early
phase 1. MgO and CaO glass compositions
yielded average temperatures of 1106° and
1113°C, respectively. Though hotter than
the early phase 1 eruptions, late phase 11ava
was still 20° to 30°C cooler and less mafic
than prior Pu‘u ‘00 or Halema‘uma‘u lava
(Table 1) (11).

Late phase 1 rocks contained 25 to 30%
small (1 to 3 mm) plagioclase and pyroxene
phenocrysts, with fewer 10- to 50-um micro-
lites in the glassy spatter compared to early
phase 1 samples. Plagioclase compositions
were mostly Anss.g5 from the first fissures in
this sequence, increasing to An,, a few days
later. Pyroxenes were mostly augite, and we
identified only one orthopyroxene phenocryst.
Intergrown clots of plagioclase and augite were
common, and most of the pyroxenes showed
sector and/or concentric zoning. Minor olivine
of Fogg.75 was also present, reaching Fo,g_7g
in an early 18 May sample. Fissure 19, though
active on 17 May, had anomalously high K,0
and low TiO,, similar to some of the later re-
activated fissures (Fig. 4).

Gansecki et al., Science 366, eaaz0147 (2019)

Phase 2: Higher-temperature mafic mixed lava
and increased effusion (17 to 27 May 2018)

We identified an abrupt change in chemis-
try on the afternoon of 17 May, when fissure
21 erupted more mafic lava in the middle of
the western fissures in Leilani Estates. The
following day, fissure 20 lava in the eastern
group shifted from typical late phase 1 lava
with ~6 wt % MgO and 225 parts per mil-
lion (ppm) Zr in the morning, to 6.5 wt %
MgO and 198 ppm Zr by evening of the same
day (data S1) (7).

Between 18 and 26 May, effusion rates in-
creased markedly at fissures 16, 18 to 20,
and 22. Vents also became active again uprift,
particularly fissures 6, 13, and 15 (Fig. 6). By
19 May, large, fast-moving lava flows from
fissures 20 and 22 reached the ocean. We
used EDXRF analysis to calculate Tcaomax Of
1138° to 1150°C (Fig. 3). Zr and MgO values
approached Pu‘u ‘O‘0-like compositions, but
Tmgomax Was anomalously high (Fig. 2 and
Table 1). This was likely due to entrainment
of high-MgO olivine crystals, out of equilib-
rium with the melt (9). Glass CaO and MgO
temperatures agreed, averaging 1128°C.

The bulk composition of phase 2 lava was
substantially less differentiated than previous
samples. Whole-rock MgO ranged from 7 to
8 wt %, Zr from 175 to 150 ppm, and glass
MgO increased from 4.7 to 6 wt % (Fig. 5).
Considering the widespread spatial dis-
tribution of phase 2 vents, compositional

6 December 2019

variability was moderate and most strongly
correlated with time.

Phenocrysts, by contrast, ranged widely in
composition, with plagioclase cores of up to
Anyg and rims as low as ~Ang. Olivine com-
positions ranged from Fogg (rims) to Fogg
(cores), the latter values surpassing any from
Pu‘u ‘00 or recent summit eruptions (Fig. 5).
Pyroxene phenocrysts were mostly augite, but
some pigeonite was also present, mostly in
crystal cores (fig. S1). Cr-spinel inclusions, more
common in Halema‘uma‘u than Pu‘u ‘00 sam-
ples [e.g., (1I)], were found in some of the
high-Fo olivine phenocrysts.

Phase 3: Voluminous eruption of high-temperature
mafic lava (28 May to 4 August 2018)

On 28 May, a massive outpouring of basalt
began from fissure 8. These high-volume
flows bear similarities in bulk composition,
phenocryst assemblages, and temperature to
Pu‘u ‘O and summit lavas. Most element
concentrations leveled out at values similar
to those of recent tholeiitic basalt at Kilauea
(Figs. 2 and 3 and Table 1). Tcaomax remained
at 1142° to 1147°C for the rest of the eruption,
with the exception of several reactivated fis-
sures discussed below. Whole-rock MgO con-
tinued to vary, but increased to up to 9 wt %,
higher than the ~7 wt % seen in the previous
10 years at Pu‘u ‘O (Fig. 2), likely due to en-
trainment of high-MgO olivine. SiO, (~51 wt %),
alkalis (~2.7 wt %), and most other major
elements were similar, if proportionately
lower than values of basalts erupted from
Pu‘u ‘O‘0 (data S2) (7).

We confirmed the presence of Mg-rich
(Fogg.gg) Olivine cores and crystals using the
electron microprobe. Rims of most of the
olivine crystals had lower Fo (Foy.go), closer
to equilibrium with glass MgO concentra-
tions averaging 6.3 wt % through the end of
the eruption. These rim and glass values were
similar to Pu‘u ‘O‘0c compositions (Fig. 5).
Glass temperatures were within a few degrees
of Tcaomax iN Most of these plagioclase-poor
lava flows, with the exception of a few crystal-
rich distal samples from late May and June
(Fig. 5 and Table 1).

The phenocryst cargo of the lava changed
from augite, plagioclase, and olivine, to near
olivine-only in late June. Cr-spinel was more
common in the later samples, mostly as in-
clusions in or in close association with high-
Fo olivine phenocrysts. Plagioclase and pyroxene
microlites were present in quenched sam-
ples, though in smaller proportion than in
the earlier phases of the eruption.

Fissure 17: Eruption of highly evolved lava
(13 to 25 May 2018)

Fissure 17 erupted through late phase 1 and
2 from an en echelon segment offset north
of the main fissure trend and at the distal
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Fig. 3. Temporal variation of bulk CaO and maximum temperature and correlation with nearby
deformation and seismicity. (A) Plot of whole-rock CaO wt % and calculated temperature variation over
time during the 2018 eruption. Whole-rock CaO provides maximum temperature estimate using Ca0O-in-glass
thermometer of (8). Data from EDXRF, black circles are duplicate analyses by WDXRF. Horizontal

gray bar shows average Pu‘u ‘00 CaO composition over the previous 3 years (10.9 + 0.2 wt %).

Symbols as in Fig. 2. (B) Whole-rock CaO wt % as above superimposed on the northward motion of WAPM
GPS station (right axis, black line). Dashed line is eruption onset, vertical gray bar indicates inferred

arrival time of main intrusion. (C) Vertical black bars show 1-hour average of RSAM [Real-Time Seismic
Amplitude Measurement (26) in arbitrary units A.U. on left axis] at the KLUD station. Red line is cumulative
hourly RSAM on right axis. (B) and (C) are plotted over the period 30 April to 4 June 2018. Station
locations shown in Fig. 1; WAPM was destroyed on 29 May.

northeastern end (Figs. 1 and 6). This was
the only vent substantially offset (~200 m,
Fig. 1) from the rest of the fissure system.
The composition of this lava is more evolved
than any previous known eruptions on Kilauea
Volcano, either from historic or prehistoric

Gansecki et al., Science 366, eaaz0147 (2019)

flows [e.g., (10)]. Zr concentrations were
>500 ppm, and MgO was <3 wt % (Fig. 2 and
Table 1). Tcaomax reached low values of 1062°
to 1093°C.

Whole-rock SiO, was 55 to 60 wt % with
total alkalis of 4.5 to 5.7 wt % (data S2) (7),

6 December 2019

classifying it as an andesite. The lava ap-
parently became more evolved during the
first few days of activity, then quickly changed
to a less evolved, basaltic andesitic compo-
sition (Fig. 3). Matrix glass from fissure 17
andesite attained 67 wt % SiO, (data S3)
near the end of late phase 1. Initial CaO and
MgO glass temperatures were ~1050°C, drop-
ping to 1030° to 1035°C in high-silica spatter
samples, then increasing to 1070° to 1080°C
in the last-erupted lava.

Phenocrysts were predominantly plagioclase
and two pyroxenes, all with wide composi-
tional ranges (Fig. 5 and fig. S1). Plagioclase
and pyroxene microlites were also abundant.
Unlike other lavas from the eruption, at least
a few fissure 17 samples contained ilmenite,
titanomagnetite, apatite, or rare inclusions
of pyrrhotite, but no olivine. Inclusions, crys-
tal clusters, and large, coarse-grained, glassy
enclaves were common.

The western end of fissure 17 erupted more
explosively than other vents. It is unclear
how much of the explosivity was due to the
high viscosity of the magma and how much
was due to interaction with external ground-
water, as the biggest explosions occurred on
the west end, where the volumetric output
was low and viscosity highest. Similar ex-
plosive behavior was not seen at other low-
volume but less-differentiated fissures nearby.
Activity at the central fissure 17 vent was
predominantly fissure fountaining produc-
ing lava flows, simultaneous with explosions
at the west end. The extremely viscous flow,
with its high density and yield strength and
intense radiative heat, made sampling chal-
lenging. Most spatter samples were collected
200 to 300 m from the explosive vent.

Reactivation of fissures:
Eruption of mixed compositions

Many of the eruptive vents along the fissure
system reactivated intermittently days to
weeks after their initial cessation (Figs. 1 and
6). Several showed a change to more evolved
rather than less evolved compositions, at least
briefly. Fissure 13 reactivated on 15 May after
being inactive for 6 days and produced lava
with a bulk composition similar to that of
its initial eruption, but with much higher
matrix glass SiO, (54 to 55 wt % versus 49 to
51 wt %) and apatite, which was not found
in any of the initial eruptions. Fe-rich ortho-
pyroxene phenocryst compositions from this
sample overlapped with fissure 17 compo-
sitions (fig. S1) and were unlike any other
unit analyzed. The composition of lava from
fissure 13 became less evolved with subse-
quent reactivations and, by 24 May, was in-
distinguishable from the composition of other
phase 2 lava.

Other fissures reactivated during late June
(fissure 18) and early July (fissure 22). Samples
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magma temperatures (Table 1).

were not collected until the eruption stopped,
because the vents were inaccessible after the
fissure 8 flow began, so their exact timing is
unknown. Near-vent samples are given a
maximum formation date of 12 July 2018.
These samples all show anomalously evolved
compositions compared to fissure 8 lavas from
the same period (Figs. 2 to 4).

This change with reactivation was most
pronounced at fissure 22, which produced
audible explosions and built a cinder cone
over the vent. The composition of vent spatter
overlaps with that of the late-erupted fissure
17 lava (Figs. 2 to 4) and was thus quite vis-
cous (table S1). Glass SiO, averaged 55.6 wt %,
and MgO 3.0 wt %. Phenocryst compositions
varied widely, overlapping with crystals from
fissure 8 (Fosg olivine) and fissure 17 (high-Fe
orthopyroxenes, Any, plagioclase) lavas (Fig. 4
and fig. S1). Olivine compositions showed a an
exceptionally wide range, from Fogs to Fogq
(Fig. 5). Physical mingling of two distinct
melts is visible in SEM images of fissure 22
spatter (fig. S2).

Interpreting magmatic processes

The 2018 Kilauea eruption recorded a com-
plex story of magma storage, mixing, and
migration. During the past two-plus centu-
ries, magma has repeatedly been injected
into the LERZ (1790, 1840, 1924, 1955, and

Gansecki et al., Science 366, eaaz0147 (2019)

1960; fig. S3), mixing with differentiated mag-
mas from prior intrusions (7). Geochemical
evidence suggests that at least two separate
LERZ magma bodies interacted and mixed
with hotter, less fractionated summit or deep
rift zone magma during the 2018 eruption
(Fig. 6). Early phase 1 lavas constitute one
source (the “High-Ti” end-member of Fig. 4)
and fissure 17 lavas a second stored magma
source (the “Andesite” end-member). Phase 3
lavas represent another end-member, which
appears to source from an olivine-controlled,
tholeiitic basalt magma with similarities to
both the Halema‘uma‘t and Puu ‘O lavas
(“Mafic” end-member).

Differentiated and stored magmas

Whole-rock and mineral compositions of ini-
tial phase 1 lavas (“High-Ti” end-member)
form distinct clusters and showed little to no
overlap with other erupted lavas or Pu‘u ‘O
and summit lavas (Figs. 2 to 5 and fig. SI).
The evolved composition, low temperature,
and presence of orthopyroxene indicate early
phase 1 differentiated from magma previously
trapped in the rift zone [e.g., (I)] that was
forced to the surface by the intruding dike
(Fig. 3). Most early phase 1 lavas could have
formed by differentiation of late 1955 magma
(Fig. 4), on the basis of MELTS calculations
(12). The rare presence of ilmenite agrees with
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this model, which shows the basalts to be at
maximum iron enrichment and onset of Fe-Ti
oxide crystallization. Several early phase
1 samples were either less differentiated or
lie along a possible mixing line with later
phase 1 compositions (Fig. 4). Late phase 1 lavas
were too mafic to be differentiated from
1955 lava (Fig. 4), and mineralogical and
compositional variations indicate that they
were likely mixtures between the three mag-
matic end-members.

The fissure 17 andesite flows had a broad
range of orthopyroxene Mg compositions from
enstatite 80 to 45 (fig. S1). The distinctive
mineralogy and chemistry suggested the an-
desite formed as an isolated magma body
rather than by mixing with other magmas.
We considered that the andesite resulted from
mixing between a dacite body encountered
during drilling in 2005 by Puna Geothermal
Venture about 2 km away (13) and one of
the other end-members. However, the ande-
site does not sit on any reasonable mixing
lines with the dacite (data S2 and fig. S4).

Late 1955 magma is also a possible source
for the andesite, depending on cooling history
and oxygen fugacity (fO,) conditions (Fig. 4).
It cannot be the source of both the andesite
and the early phase 1 lava, as the compositional
gap is too great and the andesite volume much
larger. We could not obtain reasonable matches
between MELTS differentiation paths and
the andesite using other characterized local
magma sources in the LERZ (1960 or 1790)
as starting compositions (Fig. 4). A specific
source may not be identifiable if larger,
long-lived rift magma bodies were amalga-
mations of repeated dike injections over cen-
turies within the lower east rift zone (14, 15).

Mixing and hybridization of lavas

Lavas erupted during late phase 1 and phase 2
appeared to be part of a continuum of mixing
between early phase 1 and phase 3 composi-
tions (Figs. 2, 3, and 5). Simple mixing and
hybridization would appear as a straight line
between the High-Ti and Mafic end-members
(Fig. 4) if it were caused by a mafic dike in-
truding a single differentiated rift stored
magma body (I, 2).

Many late phase 1 and early phase 2 lavas
showed unexpected signs of mixing with
the fissure 17 andesite (Figs. 4 and 6). Lava
collected from vents 20, 19, and 13 on 15 to
18 May, just prior to the onset of high-volume
phase 2 eruptions, showed increasing mixing
with the andesite, despite being up to 2.5 km
from fissure 17 (Figs. 1 and 4 and data SI).
The final four samples of andesite erupted on
20 to 22 May had about 25% lower K50, indi-
cating mixing with mafic magma from the main
dike system (Fig. 4). Vents 18 and 22 reactiv-
ated during phase 3, and their compositions
also lie on a mixing line with the andesite
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(Fig. 4 and data S1). One fissure 22 sample
contained low-Mg orthopyroxenes (fig. S1),
and Fe-Ti oxides found only in the andesite,
and showed mingling between basalt and
andesite glasses (fig. S2). The complex mixing

Gansecki et al., Science 366, eaaz0147 (2019)

patterns indicate that fissure 17 must be an
en echelon fissure that intersected the ande-
site body but was also connected at depth to
the main dike. The areal distribution of mix-
ing (Fig. 6) suggests that the fissure 17 dike
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system may extend at depth several kilome-
ters to the southwest of the surface vent (Fig. 1)
and that the andesite body could be larger
than the erupted volume.

The arrival of clearly identifiable mafic
magma in the intruding dike began on 17 to
18 May at the start of phase 2, marked by an
abrupt rise in lava temperature, a shift in
composition, rapidly increasing effusion rates,
and the diminishing of local deformation and
seismicity (Figs. 2, 3, and 5). Both new and
reactivated fissures along the main trend
showed rapid compositional fluctuations, as
more primitive magma mixed with and flushed
out the stored magma by 24 May. Extremely
Meg-rich olivine crystals (Fogg g9) first appeared
on 20 May. The Fogg g9 Olivine cores would
have formed at temperatures of 1270° to 1290°C
in magma with ~13 to 14 wt % MgO (8, 16),
conditions that generally only occur in the
summit magma reservoir or possibly in the
deep rift. The outer rims of the olivine crys-
tals were around Foys;, generally in equilibrium
with the erupted lavas (Fig. 5B). Kink banding
was observed in a few larger (>2 mm) olivines
during phase 2, implying minor entrainment
from a cumulate source, likely from a deeper
part of the rift zone (17).

Voluminous mafic lava

Phase 3 lavas erupted from fissure 8 were
reasonably homogeneous basalts similar
in bulk composition to recent Pu‘u ‘00 or
Halema‘uma‘u lava, but with distinctly ele-
vated incompatible-element concentrations
(K50, La, Ti, Zr) (Table 1 and Figs. 2, 4, and 7).
As phase 3 progressed, MgO in glass shifted
to higher values (from ~6.1 wt % to 6.6 wt %),
and the mineral phenocryst assemblage grad-
ually changed from olivine, clinopyroxene,
and plagioclase to nearly olivine-only during
the last month. Olivines in early phase 3 con-
tinued to show the broad range of core com-
positions (Fo;.g9) that were first observed in
phase 2. Most olivine rims (Fo;,.g9) were in
equilibrium with the host melts (Fig. 5B) as
they became more MgO-rich over time. The
persistent high-Mg olivines (Fogggg) that
we found in phase 3 lavas contained Cr-spinel,
were normally zoned, and had euhedral forms,
characteristics of a magmatic rather than rift
cumulate origin. Olivines with Fogg composi-
tions are extremely rare in subaerial Kilauea
magmas (11, 18), but have been found in the
submarine portion of the East Rift zone (17),
transported from either the summit magma
reservoir or the deep rift zone.

Kilauea magma compositions

and summit storage

Magma ascends from the mantle into the sum-
mit storage system of Kilauea with a recharge
rate of at least 0.1 km®/year (19). The system
was composed of a shallow (1- to 2-km depth),
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small magma chamber under Halema‘uma‘u
connected to a deeper (3 to 5 km), larger (3 to
20 km?) chamber beneath the southeastern
region of Kilauea caldera with possible addi-
tional storage in a deep rift system (19, 20).
From 2008 to 2018, lava circulated, cooled, and
degassed within the shallow Halema‘uma‘u lava
lake prior to passing back through the deeper
chamber and out through a shallow dike (2- to
3-km depth) feeding the Puu ‘O vent (11, 19).
The volume of the 2018 summit collapse sug-
gests that ~1 km® of magma was drained from
the shallow Halema‘uma‘u body (5).

Isotopic (Sr, Nd, Pb) and incompatible-
element (K, Ti, Zr, La, Nb) compositions of
olivine-controlled Kilauea summit magmas

GansecKi et al., Science 366, eaaz0147 (2019)

vary over time and are thought to reflect
changes in mantle source compositions (21).
Distinct changes in incompatible-element
concentrations of olivine-fractionated sum-
mit and rift lavas have been previously at-
tributed to (i) storage of small, discrete magma
“pbatches” in a plexus of dikes and sills with
residence times of one to two decades (I8); (ii)
nearly continual mantle recharge of a small
summit magma chamber (<0.5 km?®) with a
residence time of <10 years (21); and (iii) a
compositionally and thermally zoned magma
chamber with variable vertical mixing (77) and
much longer residence times.
Incompatible-element concentrations of

K,0 and TiO, (Fig. 7) in olivine-fractionated
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Puu ‘O0 lavas (>6.8% MgO) gradually de-
clined from 1985 to 2000, remained relatively
flat through 2015, and began increasing
systematically from 2016 to 2018. The cor-
relation of Halema‘uma‘u and Pu‘u ‘O‘0 K,O
and TiO, values from 2010 to 2018 (Fig. 7)
supports the genetic linkage between the
two vents (ZI). The gradual change in com-
position coupled with the large erupted vol-
ume (~3.5 km?®) from 1983 to 2018 cannot
be explained by the “dikes and sills” model
but is compatible with the other two models.
K50, TiO,, Zr, and other incompatible elements
were higher at the start of phase 3 than for
the past 2 years (Figs. 2 and 7) and remained
relatively constant for the remainder of the
2018 eruption. The small magma chamber
model (<0.5 km®) cannot easily explain the
appearance of nearly 1 km? of “new” magma
and disappearance of an equal volume of
“Halema‘uma‘u” magma. A more likely model
is that denser, degassed magma draining from
the shallow Halema‘uma‘u chamber vertically
mixed with hotter magma bearing a higher
incompatible signature (K,O, TiO,, Zr,) resid-
ing either deeper in the summit chamber or
the deep rift zone.

Magma transport

Early phase 3 lavas had olivine cores with
distribution peaks at Fo;g ;9 (similar to 2017-
2018 Pu‘u ‘O0 cores), at Fogyg; (similar to
2017-2018 Halema‘uma‘u cores), and at Fogg.gg
(data S4 and fig. S5), representative of a higher-
temperature component. This suggests that
cooler magmas similar to Halema‘uma‘u and
Pu‘u ‘O0 magmas were mixing with deeper,
hotter lava in the summit chamber or deep
rift to form the dike magma. During the last
20 days of the 2018 eruption, olivine cores
show bimodal peaks at Foggg; and Fogggg
(data S4 and fig. S5) with only a few Fo,g
cores. The combination of the distribution of
olivine compositions, the absence of phenocrysts
other than olivine, and the higher glass MgO
compositions are highly suggestive that lavas
erupted during the last 20 days were derived
by mixing of shallow (cooler with lower K,O)
and deep (hotter with higher K,O) components
from the summit.

The initial dike propagated downrift from
Pu‘u ‘00 on 30 April 2018 and erupted on
3 May. By 24 May, the mafic magma reached
a stable, olivine-controlled composition with
elevated incompatible-element concentrations
relative to Pu‘u ‘00 and Halema‘uma‘u lavas
(Figs. 2, 5, and 7). The 3- to 4-week arrival time
for mafic magma is consistent with intervals
documented in 1955 and 1960. However, the
final volume of mafic lava erupted in 2018
was about 10 times larger than the previous
eruptions (Z, 2, 18) and appears to have
flushed the system of differentiated magma.
It is unclear if magma was transported from
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from (7, 11) (data S2).

the summit to the eruption site using the es-
tablished Pu‘u ‘O‘0 dike system at about 2- to
3-km depth (22) or if transport switched to
the deep rift plumbing system (19, 20). The
most magnesian olivines from the Pu‘u ‘O
eruption were Fog; (23), suggesting that the
abundant Fogggg olivines could not have
been entrained by transport through the shal-
low Pu‘u ‘00 dike system. The Fogg.gg olivines
may have originated from deeper parts of the
rift system, picked up during transport (17).
Alternatively, magma carrying the high-Fo
olivines could have exited from a deeper level
of the summit chamber directly into the deep
rift system (17) (fig. S3).

Petrology as a volcano-monitoring tool

The use of near-real-time compositional data
was incorporated into the eruption monitor-
ing and response. Geochemical results were
reported to HVO staff and posted on the
communications platform for field crews
when the data seemed relevant for response
purposes. Early phase 1 lava was cool and
contained abundant plagioclase microlites,
indicating highly viscous lava (approximate
bulk magma viscosity 6600 Pa-s, table S1)

GansecKi et al., Science 366, eaaz0147 (2019)

that was likely to behave as slow-moving flows.
Late phase 1 lava was 10° to 15°C hotter and
had fewer microlites. The viscosity (2900 Pa-s)
was lower, but the lava was still sluggish, and
we anticipated the arrival of hotter and less
viscous magma from Pu‘u ‘O or the summit
reservoir. The lava chemistry gave us early
indication of hotter lava on 13 May, and we
alerted science and field teams to the change.
The 17 to 18 May arrival of less evolved and
much hotter magma was indicated by bulk-
rock MgO and CaO reaching Pu‘u ‘O‘0 com-
positions. Field crews were again alerted
that the substantial compositional change
was underway and could lead to greater ef-
fusion of hotter, more fluid lava. Phase 2
and 3 lavas (~1140° to 1150°C) had viscosities
in the typical range for ‘a@a and pahoehoe
(~1150 Pa-s), increasing the likelihood of faster-
moving flows. The chemical shifts correlated
well with deformation and seismic signals
recorded on nearby stations, showing the
expansion of the dike (northward movement)
essentially leveling out around that same
time (Fig. 3).

A similar, if less extreme, eruptive sequence
occurred during the 1955 LERZ eruption (24),

6 December 2019

implying that future rift zone eruptions may
start deceptively small as older, stored magma
erupts. Once the magma pathway opens, and
fresher, hotter magma arrives, rift zone erup-
tions can rapidly switch to large, fast-moving
lava flows.

The explosive nature of fissure 17 lava was
also consistent with its unusually evolved
chemistry. The viscosities we calculated were
orders of magnitude higher than for other
units (up to ~2 x 10° Pa-s).

A critical part of a volcano response is out-
reach and communications with the public.
HVO’s communications included geochem-
ical information in press releases, interviews,
and social media posts, and found an au-
dience surprisingly interested in the seem-
ingly esoteric questions of “new” and “old”
magma sources and transport within Kilauea.

Conclusion

The 2018 eruption of Kilauea Volcano pro-
vided an opportunity to test a rapid-response
geochemical analysis routine developed dur-
ing the continuous eruption at Pu‘u ‘0. The
effort yielded critical information for hazards
assessment and risk mitigation during the
eruption. The collection of this large suite
of lava samples and rich geochemical data
set also allowed estimates of magma compo-
sition, mixing, temperature, viscosity, and
travel time down the rift zone. Notably, the
rapid-response data also proved highly suitable
for geochemical modeling. The extremely large
sample set that was made possible by our
strategy filled in many gaps and allowed us to
construct a more complete picture of the com-
plex lava interactions. Based on the success of
the HVO-UH Hilo geochemistry monitoring
collaboration, other volcano observatories may
benefit from similar efforts.

Materials and methods

USGS-HVO field crews collected 113 molten
or recently solidified samples during the erup-
tion. Samples were delivered 2 to 12 hours
after collection to UH Hilo, where they were
dried, given a quick petrographic overview,
powdered, and pressed into pellets for an-
alysis. We analyzed all samples by EDXRF
for a limited suite of major (Ca, K, Ti, Mg)
and trace (Rb, Sr, Zr, Y Nb) elements in the
whole rock. The turnaround time from rock
to data was 1 to 2 hours, and we analyzed
most within 24 hours of field collection. We
analyzed a subset of samples during and after
the eruption by conventional WDXRF spec-
troscopy for a full suite of elements. CaO and
MgO concentrations were used as geother-
mometers to estimate magma temperatures.
We also determined matrix glass and pheno-
cryst compositions by EMPA on polished thin
sections and grain mounts from representa-
tive samples.
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The tangled tale of K#lauea’'s 2018 eruption as told by geochemical monitoring
Cheryl GanseckiR. Lopaka LeeThomas SheaSteven P. LundbladKen HonCarolyn Parcheta

Science, 366 (6470), eaaz0147. « DOI: 10.1126/science.aaz0147

Caldera collapse and flank eruption

Real-time monitoring of volcanic eruptions involving caldera-forming events are rare (see the Perspective by
Sigmundsson). Anderson et al. used several types of geophysical observations to track the caldera-forming collapse
at the top of K#lauea Volcano, Hawai'i, during the 2018 eruption. Gansecki et al. used near—real-time lava composition
analysis to determine when magma shifted from highly viscous, slow-moving lava to low-viscosity, fast-moving lava.
Patrick et al. used a range of geophysical tools to connect processes at the summit to lava rates coming out of far-
away fissures. Together, the three studies improve caldera-collapse models and may help improve real-time hazard
responses.

Science, this issue p. eaaz0147, p. eaay9070; p. eaaz1822; see also p. 1200
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