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The short duration (e.g., hours to days) of magmatic processes leading up to volcanic eruptions are 
challenging to characterize using conventional petrologic and geophysical methods. This is especially 
true for eruptions that occurred prior to the implementation of seismic and geodetic monitoring 
(mid-20th century). We present a new application of diffusion chronometry that utilizes lithium zoning 
in olivine phenocrysts to investigate the timing of late-stage, pre-eruptive magma mixing at Kı̄lauea 
Volcano (Hawai‘i). The diffusive re-equilibration of sub-ppm changes in lithium concentration are 
modeled in rapidly quenched, well-oriented olivine from six eruptions during a dominantly explosive 
period (1500–1820 CE). Lithium timescales reveal repeated intrusion of primitive composition magma 
into Kı̄lauea’s shallow (∼2–6 km) reservoir system typically only a few days prior to each eruption. 
These timescales are shorter than the weeks to years retrieved from modeling Fe–Mg and Ni zoning 
in the same olivine crystals, which record earlier magma mixing events. The short Li timescales 
indicate that an intrusion primed the shallow magma reservoir potentially only hours to a few days 
before an eruption. Late-stage intrusions and mixing events should thus be investigated at other 
basaltic volcanoes to better understand pre-eruptive processes, so that eruption scenarios can be better 
constrained.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Priming volcanic eruptions

A fundamental challenge of mitigating volcanic hazards is iden-
tifying the magmatic processes that occur right before eruptions 
(National Academies of Sciences, Engineering, and Medicine, 2017). 
The timing of such events is often difficult to detect and character-
ize with current geophysical, petrologic and geochemical methods 
(e.g., Kahl et al., 2011; Patanè et al., 2013). Many volcanic erup-
tions are thought to be initiated by intrusion of hot, primitive 
magma into an existing reservoir within the volcanic plumbing 
system (e.g., Sparks et al., 1977; Aiuppa et al., 2017). The timing 
and storage duration of these intrusions are usually poorly known, 
especially for pre-historic eruptions. Geophysical evidence of such 
a magma mixing event may be absent or give ambiguous results. 

* Corresponding author at: Department of Geological Sciences, University of 
Delaware, Newark, DE 19716, USA.

E-mail address: kjlynn@udel.edu (K.J. Lynn).
https://doi.org/10.1016/j.epsl.2018.08.002
0012-821X/© 2018 Elsevier B.V. All rights reserved.
For example, magma mixing may occur aseismically (e.g., Klein et 
al., 1987; Johnson, 1992) and increases in tilt that are normally at-
tributed to magma influx may be related to excess gas rather than 
the arrival of magma to a shallow reservoir system (e.g., Johnson, 
1992; Aiuppa et al., 2017). Consequently, developing new tools that 
document short-lived events is crucial to understanding the tim-
ing of the magmatic processes that precede and possibly trigger 
volcanic eruptions.

Olivine is a common phenocryst in basaltic magmas. Studying 
its chemical zoning patterns has proven invaluable for gaining a 
better understanding of the timescales of magmatic processes op-
erating in diverse tectonic settings (e.g., Costa and Dungan, 2005;
Ruprecht and Plank, 2013; Shea et al., 2015a; Bouvet de Maison-
neuve et al., 2016; Lynn et al., 2017). For example, timescales 
of weeks to years that broadly correspond to periods of volcanic 
unrest (e.g., Kahl et al., 2011; Albert et al., 2015) are now rou-
tinely determined by modeling diffusion-controlled concentration 
gradients of major and minor elements in olivine (Fe–Mg, Ni, Mn, 
Ca; Fig. 1). These elements are typically used to characterize pre-
eruptive magmatic processes that operate over weeks to centuries 
in mafic volcanic systems (Fig. 1). Longer timescales (years to 
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Fig. 1. Lithium is a rapidly diffusing trace element in olivine (green box; vacancy mechanism of 7Li from Dohmen et al., 2010) that provides a unique view into the 
pre-eruptive processes operating on timescales of a few hours to a few days. Timescales of syneruptive processes operating over as little as a few minutes have recently been 
proposed using CO2 and H2O diffusion through phenocryst-hosted melt embayments (dashed box; Lloyd et al., 2014; Ferguson et al., 2016). Pre-eruptive magmatic processes 
such as magma mixing, storage, and transport are characterized using the diffusion of traditionally measured major (Fe–Mg, light gray box; Dohmen and Chakraborty, 
2007a, 2007b) and minor elements (Ni, Mn, Ca, Cr∗, light grey boxes; Petry et al., 2004; Coogan et al., 2005; Holzapfel et al., 2007; Cr∗ is a faster DCr value from Jollands et 
al., 2018). The oldest histories of crystal growth and/or prolonged storage are usually inferred from slowly diffusing trace elements, such as Cr and P (dark grey boxes; Ito 
and Ganguly, 2006; Watson et al., 2015). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
decades) representing episodes of crystal growth and storage can 
be inferred from trace elements, typically Cr and P, that are more 
slowly modified by diffusion (e.g., Bouvet de Maisonneuve et al., 
2016; Fig. 1).

Timescales of minutes to tens of minutes correspond to syner-
uptive processes such as degassing and magma ascent (Fig. 1). The 
decompression and rapid diffusion of CO2 and H2O in glasses from 
mineral-hosted melt embayments (Lloyd et al., 2014; Ferguson 
et al., 2016) and the diffusive loss of hydrogen from olivine 
(e.g., Demouchy et al., 2006) have been modeled to access short 
timescales of syneruptive processes. However, embayments are 
rare and measuring and interpreting hydrogen concentrations in 
olivine is challenging, resulting in large analytical uncertainties. 
Thus, there remains a critical pre-eruptive period of hours to 
days that is largely inaccessible using traditional geospeedome-
ters. Characterizing the magmatic processes operating in this enig-
matic window of time remains a fundamental challenge for mod-
ern petrology and volcanology.

1.2. Lithium chronometry

Lithium is a rapidly diffusing trace element in olivine that can 
provide a unique perspective on magmatic processes that occur 
over hours to days in basaltic magma (Fig. 1; Dohmen et al., 2010). 
Lithium is moderately incompatible (e.g., Kdol/melt

Li = 0.1–0.2; Grant 
and Wood, 2010), and its partitioning behavior apparently does not 
strongly depend on pressure, temperature and mineral composi-
tion (Seitz and Woodland, 2000). The rapid diffusion of Li (Fig. 1) 
results in the complete re-equilibration of olivine crystals <1 mm 
in diameter after only a few months at temperatures near 1200 ◦C 
(Tomascak et al., 2016). Thus, Li zoning is expected to be unrelated 
to the longer-term magma mixing history preserved by Fe–Mg, 
Ni, and Mn (Fig. 1), and potentially records additional informa-
tion about short-lived processes. Lithium diffusion in olivine can 
occur via two mechanisms: a vacancy-controlled, ‘slower’ mode, 
and an interstitial ‘faster’ mode (Dohmen et al., 2010). Signif-
icant mass-dependent diffusive fractionation of 6Li and 7Li can 
occur in olivine with high Li contents (e.g., 10s or 100s of ppm 
in doped experiments and natural samples; Dohmen et al., 2010;
Weyer and Seitz, 2012; Richter et al., 2017). However, at concentra-
tions of only a few ppm and high temperatures typical of basaltic 
systems (e.g., near 1200 ◦C), it is thought that the diffusion of Li 
concentrations may be modeled using the slower vacancy mecha-
nism of 7Li (Dohmen et al., 2010).

In this study, lithium concentrations in volcanic olivine are 
modeled in basalts from Kı̄lauea Volcano. Rapidly quenched tephra 
from the recent prehistoric (1500 to ∼1820 CE) Keanakāko‘i Tephra 
(KT) explosive eruptions were chosen for this study because little 
is known about the physical or chemical controls on the eruption 
dynamics during this time, and Li diffusion can help to identify 
processes occurring shortly before and potentially during these 
eruptions. The basaltic pumice in these deposits are ideal for Li 
diffusion because they contain fresh, glass-coated olivine produced 
during a period of exceptionally low magma supply (∼2% of aver-
age output during the historical period after 1823; Swanson et al., 
2014). These glass and olivine are among the most primitive sub-
aerial deposits at Kı̄lauea (glass MgO up to 11.2 wt.% and forsterite 
values of 89%; Lynn et al., 2017; Garcia et al., 2018). The hetero-
geneous glasses (e.g., 6.5–11.0 wt.% MgO) in several KT units were 
interpreted to reflect inefficient mixing and little or no storage of 
the high-MgO magma in the reservoir system (Helz et al., 2015;
Garcia et al., 2018). Thus, these more primitive eruption prod-
ucts may not have been stored for years to decades in a shallow 
magma chamber like Kı̄lauea’s historical lavas (Garcia et al., 2003;
Pietruszka et al., 2015).

Basaltic deposits from six eruptions, three from phreatomag-
matic and three from high lava-fountaining eruptions within the 
Keanakāko‘i Tephra are utilized because their rapid quenching (sec-
onds to minutes) preserves information relevant to magmatic pro-
cesses by avoiding the longer cooling histories (hours to days) fol-
lowing eruption that are typical of effusive lava flows (e.g., Hon 
et al., 1994). These samples are ideal for applying the lithium 
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geospeedometer since olivine crystals are euhedral, allowing them 
to be crystallographically oriented and sectioned through their 
cores and their longer-term magmatic histories (weeks to years) 
were previously characterized by modeling forsterite (Fo; [Mg/
(Mg + Fe) × 100]) and Ni zoning (Lynn et al., 2017). Thus, KT 
olivine crystals provide an exceptional opportunity to establish 
constraints on late-stage, short duration magmatic events that may 
prime basaltic systems for volcanic eruptions.

2. Samples and methods

2.1. Sample selection and preparation

The Fo and Ni contents, zoning patterns, and associated time-
scales of the KT olivine crystals used in this study are well doc-
umented (Lynn et al., 2017). These samples are renamed here 
following the new stratigraphic nomenclature proposed for the 
Keanakāko‘i Tephra (Swanson and Houghton, 2018). Olivine crys-
tals were selected from three informal phreatomagmatic beds, two 
within Unit D (D_1 and D_2, previously referred to as u7 and u11 
by Lynn et al., 2017, respectively) and one within Unit F (previ-
ously u20). Three additional samples include the juvenile tephra 
Units B, K1, and K2 (previously the Basal Reticulite, Golden Pumice, 
and Eastern Pumice, respectively; see Swanson et al., 2012 and 
Swanson and Houghton, 2018 for detailed unit descriptions). KT 
olivine crystals were oriented perpendicular to the a- or b-axes 
(with the c-axis in the plane of the section) and carefully ground 
and polished to their core. This careful sample preparation aided 
in minimizing 3D effects on diffusion timescales derived from 1D 
modeling and avoids off-center and oblique sections that can intro-
duce significant error (up to 25×) in diffusion timescale estimates 
(Shea et al., 2015b).

2.2. Laser ablation inductively coupled plasma mass spectrometry 
(LA-ICPMS)

Trace element analyses were acquired at the Earth Observatory 
of Singapore (Nanyang Technological University) using a Photon 
Machines Analyte G2 excimer laser connected to an iCAP Q ICPMS 
in an Ar–He atmosphere. Machine settings were optimized to re-
duce oxide production and interferences by achieving a ThO+ sig-
nal intensity of <0.6% of the Th+ signal. The laser was run at 70% 
output and 8 Hz with constant voltage and 240 shot count. For 
all analyses, 20 s of background signal (laser off) were acquired 
followed by 40 s of ablation signal (laser on). To achieve high pre-
cision measurements of Li only seven elements were analyzed. This 
allowed significantly longer dwell times on 7Li than typical multi-
element (e.g., 20+) analytical routines allow.

Data reduction in Iolite© (Paton et al., 2011) removed the first 
and last three seconds of counts for each analysis before convert-
ing counts to concentrations. The isotope 7Li was measured for 25 
transects in 22 olivine crystals using 10 × 50 μm spots oriented 
with the long length parallel to the crystal–melt boundary (Sup-
plementary Material, Fig. S1). An 11 μm spacing was used to avoid 
overlap and to create a 1 μm separation between individual spot 
analyses. The internal reference isotope 29Si was used to convert 
raw counts to concentrations based on the EPMA measurements of 
SiO2 in olivine (taken from Lynn et al., 2017). The NIST 612 sil-
icate glass was used to calibrate relative sensitivities (40.2 ppm 
Li), and NIST 610 and USGS BCR-2G were run as unknowns (468 
and 9 ppm, respectively; see Supplementary Data File). The three 
reference materials were analyzed in between each olivine tran-
sect to monitor instrumental drift. Analytical precision (2σ ) for 
repeated measurements of NIST 612 glass is ±0.8 ppm for Li (2% 
relative to preferred GeoReM value of 40.2 ppm; Supplementary 
Data File). Average values for the other reference materials are 
468 ppm (±4 ppm or 0.8%) for NIST 610 and 8.4 ppm (±0.24 ppm 
or 2.6%) for BCR-2G (see Supplementary Data File). These values 
were compared to the GeoReM database preferred values (Jochum 
et al., 2011, 2016) to assess data quality. Average 2σ SD errors for 
Li measurements of KT olivine crystals were ±0.08 ppm and were 
calculated by Iolite© (Paton et al., 2011). Our reported errors are 
much lower than typical LA-ICPMS analyses of Li (cf. de Hoog et 
al., 2010 with ±0.07 ppm at 1σ ) due to the reduced number of 
elements (seven) analyzed in our routine.

2.3. Diffusion modeling

Smoothed lithium concentration gradients were modeled using 
finite differences and the one-dimensional form of Fick’s Second 
Law:

∂C

∂t
= D

∂2C

∂x2
(1)

where C is concentration, t is time, D is the diffusion coefficient, 
and x is distance (Crank, 1975). The diffusivity of Li (D7Li) par-
allel to the c-axis can be calculated using the Arrhenius relation 
(Dohmen et al., 2010):

log(D7Li) = −5.92(±1.0) − 1.2847 × 104

T (K)
(2)

where T is the temperature in Kelvin. This expression is appropri-
ate for diffusion in olivine containing 1–10 ppm Li and tempera-
tures between 800 and 1200 ◦C (Dohmen et al., 2010). Model tem-
peratures were assumed to be constant and were obtained using 
the Kı̄lauea glass-MgO thermometer (uncertainty of ±10 ◦C; Helz 
and Thornber, 1987) and the inferred melt Mg# in equilibrium 
with olivine rim Fo contents (Kdol/melt

Fe−Mg = 0.343 ± 0.018; Matzen 
et al., 2011) following the methods described in Lynn et al. (2017). 
These temperatures ranged from 1245 to 1275 ◦C (Table 1) and are 
akin to the magma temperature for mixing and diffusion recorded 
by each crystal. Lithium concentration gradients were modeled us-
ing Equations (1) and (2) to retrieve timescales corresponding to 
the last thermal and/or chemical perturbation experienced by the 
host magma. Initial boundary conditions were determined based 
on the compositions of olivine cores (Co , the Li content of the 
crystal before thermodynamic perturbation) and crystal rims (C1), 
which are inferred to reflect diffusion with the host melt after per-
turbation. The minimum resolvable timescale (accurate to within 
20% of the actual timescale) for a spatial resolution of 11 μm is 
4.5 h (Bradshaw and Kent, 2017) at a representative model tem-
perature of 1250 ◦C and the vacancy mechanism of Li diffusion 
(Dohmen et al., 2010). No Li diffusion anisotropy between different 
crystallographic axes were resolved within the spatial limitations 
of the method (e.g., 11 μm spacing) for three crystals analyzed for 
which two perpendicular traverses were measured (comparing the 
b- to c-axis, and a- to b-axis).

3. Results

Lithium concentration profiles in KT olivine are characterized by 
a gradual decrease (Licore > Lirim, normal zoning; Fig. 2a, 2c) or in-
crease (Licore < Lirim, reverse zoning; Fig. 2b, 2d) of 0.2–1.6 ppm Li 
across a smooth gradient 20–400 μm long. Olivine crystals are typ-
ically ∼1 mm in diameter and all profiles in this study have clearly 
preserved concentration plateaus, indicating that core Li contents 
are probably unaffected by diffusive re-equilibration. Lithium zon-
ing is inversely correlated with Fo, but Li profiles have different 
diffusion distances into the olivine compared to Fo (Fig. 2; see 
also Supplementary Material, Fig. S2). Lithium concentrations were 
normalized and examined on a log scale for inflection features or 
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Table 1
Calculated times (days) obtained by modeling the chemical diffusion of Li in olivine crystals.

Unita Ol.b Core Fo T
(◦C)

Li Co Li C1 Zoning 
type

tLi
(days)c

� (−) � (+)

B 28 78.8 1245 5.20 2.50 N 8 7 17
10 86.9 1245 1.41 1.71 R 8 6 12
12 87.4 1263 1.50 1.25 N 2 1.5 4

D_1 20 87.3 1245 1.42 1.57 R 2 1 3
12_1 88.4 1245 1.35 1.75 R 1.5 0.5 0.5
12_2 88.4 1245 1.35 1.69 R 0.6 0.4 0.4
28_1 89.4 1245 1.35 1.45 R 2.5 2 7.5
28_1 89.4 1245 1.32 1.45 R 1.5 0.25 4.5

D_2 6 88.5 1275 1.50 1.10 N 1 0.75 6
1 88.7 1275 1.30 1.59 R 3 2.75 9

F 21 77.0 1263 1.90 2.80 R 22 10 18
27 79.2 1263 3.40 1.75 N 18 4 5
23 82.6 1263 2.40 1.67 N 6 4 6
35_1 83.9 1263 1.90 1.60 N 9 5 11
35_2 83.9 1263 2.00 1.60 N 3 1 17
18 86.4 1263 1.85 1.57 N 2.5 1.75 4.5
7 87.6 1263 1.80 1.36 N 10 2 –
29 88.4 1263 1.52 1.61 R 2 1.5 6

K1 32 88.2 1237 1.50 2.20 R 14 6 6
34 88.3 1237 1.40 2.15 R 10 5 14
4 88.7 1237 1.37 1.50 R 2 1.9 6

K2 15 85.1 1237 1.63 1.50 N 20 15 50
18 85.6 1237 2.10 1.60 N 2.5 1.75 4.5
3 87.5 1237 1.55 2.05 R 4 3.5 6
19 88.1 1237 1.40 2.00 R 1.5 0.75 2.5

a Revised sample names following Swanson and Houghton (2018).
b Olivine sample number, and profile number within the olivine where appropriate (e.g., 10_1 and 10_2). Fo (forsterite; [100 × Mg/(Mg + Fe)]) contents and temperatures 

are from Lynn et al. (2017).
c Timescales retrieved using D7Li from Dohmen et al. (2010). If the faster D6Li is used the primary distribution of timescales would be on the order of seconds to minutes. 

Lithium zoning types are either N (normal) or R (reverse). Initial boundary conditions for the core (Co) and rim (C1; nomenclature after Costa and Dungan, 2005) used in 
diffusion models are reported in ppm. All reported timescales are best-fit results within analytical uncertainty and noise. (−) and (+) represent the errors calculated by 
finding the minimum and maximum fits by visual inspection of the scatter in the data (see examples in Fig. 2). A dash under (+) denotes a profile in which scatter outliers 
make it difficult to determine the maximum timescale error.
changes in concavity that might indicate isotopic fractionation of 
6Li and 7Li (Richter et al., 2017). No such features were found 
For KT samples (see Supplementary Material, Fig. S2). Furthermore, 
the expected fractionation of 6Li from 7Li during sub-ppm Li diffu-
sion (typical of basaltic systems) is reported to be <5� (Parkinson 
et al., 2007) and would be difficult to resolve with secondary ion 
mass spectrometry. Li concentration gradients of a few ppm in KT 
olivine may thus be modeled by the vacancy mechanism of 7Li dif-
fusion, consistent with the high temperatures (>1200 ◦C) and low 
Li abundance (<5 ppm) in these samples (Dohmen et al., 2010).

Lithium timescales for all KT eruptions range from less than 
one day to three weeks (Table 1). The calculated timescales are 
subject to relatively large errors (average is −60% and +220% rel-
ative to best fit value; Table 1) due to the 2σ analytical error and 
spacing of the analysis (1 spot per 11 μm; for example, see Fig. 2). 
Therefore, all timescales are presented with minimum, maximum, 
and best fit results based on visual inspection of individual profiles 
(e.g., 1.5 ± 0.5 days; Table 1) to provide robust estimates of po-
tential re-equilibration timescales. Timescale uncertainties related 
to temperature calculations (±10 ◦C; Helz and Thornber, 1987) are 
on average 10% of the timescale calculated for a given profile (e.g., 
if the best-fit is 18 days, uncertainty related to temperature is ap-
proximately ±2 days), which we note is smaller than the range 
provided by minimum and maximum determinations from consid-
eration of 2σ error.

Most Li timescales (60%) are less than four days (Fig. 3a). This 
is much shorter than the typical weeks to years retrieved from 
modeling with traditional geospeedometers (Fig. 3b). The shortest 
Fo and longest Li timescales rarely overlap in individual eruptions 
(Supplementary Material, Fig. S3). There is generally no correlation 
between Li timescale and olivine Fo content, with the exception of 
the <Fo80 crystals in Unit F (Table 1). There are also no system-
atic correlations between Li timescale duration and zoning type 
(normal vs. reverse), eruptive style (phreatomagmatic or high lava 
fountain), or stratigraphic order of the eruptive units (Table 1; see 
also Supplementary Material, Fig. S4).

4. Discussion

4.1. Element coupling

Possible charge-balancing behavior of Li with other minor or 
trace elements in minerals can complicate the interpretation that 
concentration gradients are solely driven by diffusion (Cooper et 
al., 2017; Rubin et al., 2017; Tang et al., 2017; Wilson et al., 2017). 
Some Keanakāko‘i Tephra olivine show clear correlations between 
Li and P zoning within laser ablation profiles (Supplementary Ma-
terial, Fig. S5) that will be the subject of a separate contribution 
examining Li, Al, P, and Cr coupling in olivine. To avoid poten-
tial element coupling complications, only profiles that showed no 
systematic correlations between Li and any minor (Ca, Ni, Mn) or 
trace elements (P, Al, Cr, Na) were modeled. Obvious differences in 
the diffusion distances of Li and Fe–Mg (Fo) zoning within single 
olivine crystals also show that Li diffusion is not coupled to major 
elements (Supplementary Material, Fig. S6).

4.2. Distinguishing magmatic processes recorded in Li concentrations in 
glass and olivine

The interpretation of Li concentrations in basaltic melt and 
olivine can be more complex than many other trace elements. 
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Fig. 2. Rim-to-core lithium zoning examples for olivine phenocrysts that span a range of Li timescales and Fo zoning types. a, Normally zoned Li (ppm) and reversely zoned 
Fo (%) profiles for Unit B olivine 12 (Table 1). b, Reversely zoned Li and normally zoned Fo for Unit F olivine 19. c, Normally zoned Li and reversely zoned Fo for Unit F 
olivine 27. d, Reversely zoned Li and normally zoned Fo for Unit K2 olivine 19, the lowest Fo olivine in the study. All LA-ICPMS data are presented with 2σ error bars for 
individual spot analyses (generally ±0.08 ppm). Modeled timescales for all crystals have minimum (dashed blue line), best fit (solid grey line), and maximum (dashed red 
line) values. Temperatures were obtained using the Kı̄lauea glass MgO thermometer (Helz and Thornber, 1987) and the inferred melt Mg# in equilibrium with the general 
population of olivine rim Fo contents (Kdol/melt

Fe−Mg = 0.343 ± 0.018; Matzen et al., 2011) following the methods described in Lynn et al. (2017).
Mantle source heterogeneity and fractional crystallization dom-
inate the concentration of incompatible trace elements like Nb 
and Y in KT glasses and melt inclusions (e.g., Sides et al., 2014;
Garcia et al., 2018). Lithium is moderately incompatible in olivine 
(e.g., 0.1–0.2; Grant and Wood, 2010), and apparently weakly 
volatile (Kdvapor/melt

Li ∼ 0.1; Edmonds, 2015) in Kı̄lauea magmas. 
The Li concentration in the melt should therefore increase dur-
ing fractional crystallization of olivine, but to a lesser extent if 
degassing is involved. A simple fractionation and degassing model 
(e.g., Vlastelic et al., 2011) predicts that fractional crystallization is 
expected to play the dominant role in generating melt Li variabil-
ity using the above value (Fig. 4). Only when Kdvapor/melt
Li is large 

(e.g., 10; Fig. 4) does degassing make a significant difference in 
Li melt content (Supplementary Material, Fig. S7). Comparison of 
this model with Rb vs. Li glass data from KT eruptions (R2 = 0.8; 
Sides et al., 2014) shows that fractional crystallization is sufficient 
to explain most of the range in melt Li concentrations. Variable 
Rb contents at a given MgO within a single eruption (e.g., Unit 
K1, Fig. 4) also show that mantle source variability likely gener-
ates second-order scatter in incompatible trace elements, such as 
Li and Rb.

Both normal and reverse lithium zoning patterns are found in 
olivine crystals from individual KT eruptions (Fig. 2). These re-
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Fig. 3. Frequency and distribution of timescales retrieved from modeling the dif-
fusive re-equilibration of multiple elements in KT olivine. a, Timescales retrieved 
from lithium zoning. Bins represent 1 day, where 60% of all timescales are ≤4 days.
b, Lithium and Fo timescales (Lynn et al., 2017) for the same KT eruptions.

sults demonstrate that the zoning was not produced by fractional 
crystallization alone. This has not been documented in other stud-
ies of Li zoning in magmatic olivine (e.g., Parkinson et al., 2007;
Weyer and Seitz, 2012). The general increase in Li content with 
fractional crystallization supports the interpretation that Li diffu-
sion profiles were generated by mixing of a low-Li primitive melt 
component and a higher-Li evolved melt component. This inter-
pretation is consistent with previous studies that invoked mixing 
of KT endmembers (recharge and reservoir) to explain a wide 
range of glass MgO contents (Helz et al., 2015; Garcia et al., 
2018) and olivine populations (Lynn et al., 2017). These mixing 
events likely included melts that evolved past olivine control (e.g., 
<7.2 wt.% MgO; Wright and Fiske, 1971), which are common in 
some Keanakāko‘i Tephra units (Helz et al., 2015; Lynn et al., 2017;
Garcia et al., 2018). Primitive intrusions mixed with an array 
of stored melt compositions throughout the KT period, each the 
end-result of fractional crystallization (±previous magma mixing, 
source variability, and possibly degassing), probably contributed 
to the diversity of Li zoning found in KT olivine. The variations 
of Li concentrations are likely related mainly to fractional crys-
tallization and subsequent diffusive re-equilibration as a result of 
magma mixing. We therefore interpret the lithium zoning patterns 
to record the timing of mixing between hot, primitive magma and 
more evolved, stored magma(s) shortly before eruption.

4.3. The tempo of eruption initiation

The days to weeks timescales from lithium chronometry, com-
bined with our previous timescales of weeks to years from Fo and 
Ni zoning (Lynn et al., 2017), provide a new and more compre-
hensive magmatic history for Kı̄lauea’s recent 300-yr period of 
explosive activity. Zoning of Fe–Mg and Ni in KT olivine shows 
that most mantle-derived recharge magmas were mixed and then 
stored for weeks to years in crustal reservoirs beneath the sum-
mit (Lynn et al., 2017; Fig. 5a). This longer-term storage history is 
not preserved by Li because its faster diffusion results in the com-
plete re-equilibration of Li in olivine crystals of the typical size 
observed in KT samples (∼1 mm in diameter) after as little as a 
few months at temperatures near 1200 ◦C (Tomascak et al., 2016). 
Thus, the observed Li zoning in KT olivine documents some addi-
tional mixing event hours to days prior to eruption (Fig. 5b). The 
history of mixing recorded by Fe–Mg, Ni, and now also Li support 
the argument that most KT magmas had complex pre-eruptive his-
Fig. 4. Matrix glass Rb (ppm) vs. Li (ppm) contents with color scale indicating MgO 
(wt.%) for Keanakāko‘i Tephra glasses from Sides et al. (2014). The correlation be-
tween Li and Rb indicates that fractional crystallization played a strong role in 
generating melt Li variability. Magma mixing between low-Li primitive and higher-
Li evolved melts (from fractional crystallization) then creates the zoning observed 
in KT olivine.

tories that preclude simple, rapid ascent from mantle depths to the 
surface as was advocated by Sides et al. (2014).

Lithium zoning is interpreted here to record the intrusion of 
a recharge magma into a relatively evolved reservoir typically a 
few days prior to eruption (Fig. 5b). Mixing likely occurred within 
Kı̄lauea’s summit reservoir system at depths of 1.5–5.0 km (Poland 
et al., 2014), perhaps near 1.5–2.0 km deep as suggested by volatile 
diffusion in three melt embayments within KT olivine crystals 
(Ferguson et al., 2016). First-order magma ascent rates can be esti-
mated using these depths and the primary distribution of lithium 
timescales in this study (6 h–4 days; Table 1 and Fig. 3). The max-
imum ascent rates for timescales of 6 h are ∼0.1 m/s from a depth 
of 2 km and 0.23 m/s if magmas lower in the reservoir system as-
cended from 5 km depth. Ascent rates from the embayment study 
are much faster: 3–17 m/s calculated from ascent timescales of 
2–7 min. However, there are only three total embayments from 
two different KT eruptions. The timescales in this limited dataset 
represent <2% of the total time recorded by Li diffusion, demon-
strating that volatile diffusion likely records syneruptive processes 
during ascent, whereas Li diffusion records the timing of a pre-
eruptive mixing event (Fig. 5b).

4.4. Hazard implications of a short window between intrusion and 
eruption

Identifying late-stage mixing events with Li diffusion in olivine 
provides critical insights into understanding precursor geophysi-
cal or geodetic signals that may warn of imminent eruptions. The 
short duration recorded by Li zoning suggests that the time be-
tween intrusion and eruption was short, providing only hours to 
days of warning before a potentially hazardous eruption. However, 
many KT eruptions have olivine crystals that record Li timescales of 
hours to several days and also Fe–Mg and Ni timescales of weeks 
to years (Lynn et al., 2017). These results suggest that some intru-
sions may not have led to eruption (cf., many Kı̄lauea intrusions 
between 1963–1983; Klein et al., 1987). These data and field ev-
idence suggest that magma intrusion and eruption during the KT 
period was episodic. This behavior contrasts strongly with Kı̄lauea’s 
past 60 yrs of historical activity, in which orders of magnitude 
higher magma flux resulted in essentially continuous supply to the 
shallow reservoir system (Swanson et al., 2014; Poland et al., 2014;
Pietruszka et al., 2015). Thus, Li zoning suggests that the frequency 
and timing of magma delivery in a future explosive eruptive period 
may have different signals of unrest prior to eruption (consistent 
with previous interpretations by Swanson et al., 2014), punctu-
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Fig. 5. Simplified schematic of Kı̄lauea’s shallow reservoir system illustrating the 
magmatic processes recorded by chemical zoning. a, Major and minor elements 
record early mixing and storage events (tFo,Ni). Mantle-derived recharge magmas 
(red) intersect stored reservoir magma (yellow), producing hybrid compositions 
(orange). The storage time after mixing (weeks to years; grey on stopwatch) is 
recorded by Fe–Mg and Ni zoning (Lynn et al., 2017). b, A new intrusion of mantle-
derived magma enters the shallow plumbing system (tLi). The remobilization of 
the stored magma and degassing of the relatively volatile-rich intrusion occurs 
over hours to days (green on stopwatch). Syneruptive diffusion of volatiles from 
phenocryst-hosted melt embayments (tH2O,CO2 ) record magma decompression and 
ascent over timescales of a few minutes (black on stopwatch; Ferguson et al., 2016).

ated by discrete recharge events into the shallow plumbing sys-
tem.

4.5. Multiple pulses of magma mixing at basaltic volcanoes

Intrusion of mafic magma is commonly invoked as the trig-
ger for volcanic eruptions (e.g., Sparks et al., 1977; Aiuppa et al., 
2017), although the timing and number of these events is usu-
ally poorly known. Petrologic evidence of magma mixing such as 
complex chemical and textural zoning is common when the end-
member mixing components have significant geochemical and rhe-
ological differences (e.g., 1915 eruption at Lassen Volcano; Clynne, 
1999). Magma mixing between more compositionally similar melts 
at Kı̄lauea or Mt. Etna (Sicily) is generally less obvious and best 
preserved in mineral zoning patterns (e.g., Kahl et al., 2011). With 
the addition of the Li chronometer, diffusion in olivine can now be 
used to recognize multiple basaltic mixing events that might have 
occurred up to a few hours prior to eruption. During the KT pe-
riod at Kı̄lauea, the final mixing event that primed the system for 
eruption was identified by Li zoning and probably occurred within 
a few days of magma ascent to the surface (Fig. 3). These datasets 
provide an important framework for the interpretation of seismic, 
geodetic, and gas monitoring data that might represent the onset 
of future explosive eruptive periods.

Diffusion timescales related to the most recent mixing event 
prior to eruption may also provide insights on crustal magma as-
cent rates. Nickel zoning in olivine crystals from Irazú Volcano 
(Costa Rica) record magma ascent from the mantle (30–35 km) in 
4–7 months, with ascent rates estimated at 55–80 m/day (Ruprecht 
and Plank, 2013). This approach cannot be used to extract as-
cent rates from KT olivine because the Ni zoning patterns were 
determined to record weeks to years of storage after mixing in 
shallow crustal chambers (Lynn et al., 2017). Diffusion of Fe–Mg 
in olivine has also been linked to historical accounts of seismic-
ity leading up to mafic monogenetic eruptions in Tenerife (Canary 
Islands; Albert et al., 2015). The combined datasets were used to 
infer magma ascent after an intrusion into some shallow storage 
reservoir two weeks prior to the eruptions. The mobilization of 
magma from intrusion to eruption during the KT period at Kı̄lauea 
must have occurred too quickly to be recorded by Fe–Mg diffu-
sion (Fig. 3b), and there are no historical accounts of KT eruptions 
with which to compare petrologic timescales. Thus, information 
gained from Li zoning is an integral part of understanding basaltic 
eruption dynamics at Kı̄lauea and potentially other basaltic volca-
noes.

Lithium can also be used to explore whether intrusions oc-
curring just prior to eruption are recorded in olivine from other 
basaltic systems. In March 1998, a seismic swarm at Piton de La 
Fournaise (Réunion) indicated the arrival of new magma into the 
shallow reservoir system that migrated from a depth of 7.5 km 
to the surface within three days (Battaglia et al., 2005). The three 
days between intrusion and eruption as indicated by the seismic 
swarm is at the limit of timescale resolution using intermediate 
diffusing species like Fe–Mg and Ni (Fig. 1). Lithium zoning in 
rapidly quenched olivine (e.g., from tephra) could instead be used 
to independently test if the intrusion mixed with resident magma 
before ascending to the surface. In this way, extracting information 
about late stage mixing from Li zoning at Piton de La Fournaise, 
Mt. Etna, and other frequently active basaltic volcanoes will aid in 
understanding what primes and ultimately drives eruptions. These 
data will also expand our understanding of crustal ascent rates, 
where Li chronometry could be a robust petrological compliment 
to magma storage and transit recorded by seismicity.

5. Conclusions

Understanding the short-duration magmatic processes lead-
ing up to volcanic eruptions is essential for constraining future 
eruption scenarios yet remains difficult to characterize using es-
tablished petrologic and geophysical methods. We have shown 
that zoning of lithium concentrations in olivine can be used to 
identify the processes that potentially trigger basaltic eruptions. 
At Kı̄lauea Volcano olivine zoning records petrologic evidence of 
late-stage magma mixing events for prehistoric explosive erup-
tions of the Keanakāko‘i Tephra. Olivine crystals yield Li diffusion 
timescales that are typically <4 days, which reflects the intru-
sion of higher-MgO, mantle-derived magma that probably primed 
the shallow plumbing system for eruption. These data are critical 
for assessing potential hazards and preparing for future episodes 
of dominantly explosive activity that at Kı̄lauea can last for sev-
eral centuries (Swanson et al., 2014). Timescales from Li diffu-
sion in basaltic eruptions may generally be much shorter than 
those from Fe–Mg and Ni zoning and can reveal late-stage intru-
sions that might have otherwise been overlooked if only traditional 
geospeedometers were applied. Thus, Li diffusion used in tandem 
with other geospeedometers (e.g., Fe–Mg, Ni, CO2, H2O) should be 
used to characterize the magmatic processes that trigger eruptions 
at basaltic volcanoes. Investigating late-stage magmatic histories 
provides key data for understanding the physical and chemical 
controls on eruption initiation and crustal magma ascent rates. 
This approach is invaluable for understanding prehistoric erup-
tions, which might yield critical insights into the warning signs 
of future eruptive episodes so that basaltic eruption scenarios can 
be better constrained.
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