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Magmatic differentiation helps produce the chemical and petrographic diversity of terrestrial
rocks. The extent to which magmatic differentiation fractionates nonradiogenic isotopes is uncertain for
some elements. We report analyses of iron isotopes in basalts from Kilauea Iki lava lake, Hawaii.
The iron isotopic compositions (56Fe/54Fe) of late-stage melt veins are 0.2 per mil (‰) greater than
values for olivine cumulates. Olivine phenocrysts are up to 1.2‰ lighter than those of whole rocks.
These results demonstrate that iron isotopes fractionate during magmatic differentiation at both
whole-rock and crystal scales. This characteristic of iron relative to the characteristics of magnesium and
lithium, for which no fractionation has been found, may be related to its complex redox chemistry
in magmatic systems and makes iron a potential tool for studying planetary differentiation.

Studies of isotopic variations in terrestrial
and extraterrestrial rocks can be used to
identify the processes that govern plane-

tary differentiation. For example, Fe isotopic
compositions of lunar and terrestrial basalts are
slightly heavier than those of chondrites, Mars, and
Vesta; this has been ascribed to evaporation-
induced kinetic fractionation of Fe isotopes during
the giant impact that formed the Moon (1). This
interpretation assumes that the Fe isotopic com-
position of basalts is representative of the source
composition (i.e., mantle), which is supported by
isotopic studies of other elements like Li and Mg
(2, 3). Although studies of mantle peridotites have
shown measurable Fe isotope fractionation during
mantle melting (4, 5), the effect of fractional crys-
tallization on Fe isotopes remains uncertain (6–10).
Many processes—such as partial melting, magma
mixing, assimilation of country rocks, fractional
crystallization, and late-stage fluid exsolution—
can affect Fe isotope systematics of the magma
before it reaches the surface. Isotopic variations
may result from different processes, and it is
difficult to identify the contributions of specific
processes to the observed isotopic signatures.

To isolate and evaluate the influence of frac-
tional crystallization, we worked on a set of well-
characterized samples from Kilauea Iki lava lake,
Hawaii. Kilauea Iki lava lake formed during the
1959 summit eruption of Kilauea volcano by fill-
ing a previously existing crater (Fig. 1). After the
formation of a stable crust at the end of the erup-
tion, the lava lake cooled and crystallized as a
small, self-roofed, closed magma chamber sur-
rounded on all sides by partially molten regions
and extending outward to fully solidified rocks

(11, 12). It was drilled repeatedly from 1960 to
1988, resulting in almost 1200 m of drill cores.
We analyzed two 1959 eruption samples (IKI-22
and IKI-58) and a variety of drill core samples,
ranging from olivine-rich cumulates to andesitic
segregation veins, to cover the whole spectrum of
chemical compositions, mineralogies, and crys-
tallization temperatures (12).

The d56Fe values {d56Fe = [(56Fe/54Fe)sample/
(56Fe/54Fe)IRMM-014 – 1] × 1000} of all the whole-

rock samples vary inversely with MgO and total
FeO contents (Fe2O3 and FeO calculated as
FeOtotal) and directly with Fe3+/∑Fe ratios (∑Fe =
Fe3+ + Fe2+) (Fig. 2). Olivine cumulates have high
MgO contents [up to 26.87 weight percent (wt %)]
and low d56Fe values (down to –0.03‰), whereas
late-stage veins have low MgO contents (down to
2.37 wt %) and high d56Fe values (up to +0.22‰)
(table S1). The Fe isotopic compositions of 42
olivine grains, separated from two drill core sam-
ples, display a larger Fe isotopic variation, ranging
from –1.10 to +0.09‰ (Fig. 3). The variations are
irrespective of the olivine crystal weight (table S2).
The average d56Fe of these olivine grains is –0.22 ±
0.08‰ [95% confidence interval (CI)], which is
significantly lower than that of the twowhole rocks
(i.e., +0.11 and +0.12‰).

The large chemical variations in Kilauea
Iki lavas mainly resulted from posteruptive re-
distribution of olivine phenocrysts, followed
by crystallization of pyroxene, plagioclase, and
Fe-Ti oxide phases as the lava lake cooled
(11). Both equilibrium (7, 8, 13, 14) and kinetic
(15–17) Fe isotope fractionation between min-
erals and melts could happen during fractional
crystallization and produce the observed Fe
isotopic variations in the lava lake.

During the process of isotope fractionation, Fe
isotopic variations in the samples with MgO < 11
wt %, which mainly result from fractional crystal-
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Fig. 1. (A) Aerial photograph (26) taken immediately after the 1959 eruption of Kilauea volcano, showing
the surface of the newly formed Kilauea Iki lava lake. (B) Plan view of the posteruptive surface of Kilauea Iki
lava lake. The black circles indicate locations of holes drilled between 1967 and 1988. Numbers on contour
lines are elevations above sea level. (C) Cross section of Kilauea Iki lava lake with a vertical exaggeration of
2:1. The vertical lines show locations of drill holes or closely spaced clusters of drill holes, projected onto this
cross section. The concentric zones show the limit of drillable crust and temperatures at different years. Only
the drill holes that are labeled indicate where samples (white circles) came from in this study.

20 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org1620

REPORTS

 o
n 

Ju
ne

 1
9,

 2
00

8 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org


lization (11), can be modeled by Rayleigh fraction-
ation with average crystal-melt fractionation fac-
tors (Dd56Fe) of ~ –0.1 to –0.3‰ (Fig. 4). For a

given d56Fe of the original melt of ~ +0.1‰, the
predicted d56Fe of the minerals are ~ 0 to –0.2‰.
These values, in turn, are used to model the com-

positions of samples with MgO > 11 wt %, which
are composed of melt + olivine phenocrysts (11),
by mixing the assumed composition of the most
Mg-rich melt (d56Fe = +0.11‰) with that of the
predicted olivine crystals (d56Fe = 0 to –0.2‰)
(Fig. 4) (12).

Although no experimentally calibrated equi-
librium fractionation factor for olivine melt is
currently available, the fractionation factors that
fit the whole-rock data generally agree with theo-
retical calculations (13, 14), experimental studies
on fractionation of pyrrhotite and silicate melt (7),
and fractionation of olivine and magnetite (8).
These results are also consistent with the range of
Fe isotope fractionation during mantle melting
(4, 5). However, olivine phenocrysts from the
lava lake are highly varied and have d56Fe values
well beyond the range defined by the equilibrium
isotope fractionation model (Fig. 4). Segregation
veins and some diapirs are known to have formed
as the lake crystallized (18). The diapirs transferred
olivines from the cumulate zone into differentiated
liquid (18). These processes affected the whole
column of “mush” and could have magnified the
equilibrium fractionation of Fe isotopes in the
olivine in a way that is analogous to isotope frac-
tionation during chromatography (19). Different
olivine grains in the lake might have experienced
these processes to different extents and hence dis-
play different degrees of isotope fractionation.

Alternatively, significant high-temperature ki-
netic fractionation ofMg and Fe isotopes has been
documented during thermal diffusion in silicate
melts (16, 17, 20) and chemical diffusion between
molten basalt and rhyolite (16, 20). Substantial
thermal gradients were observed in the lava lake
throughout its crystallization history; the cumulate
zone was hotter than the surrounding partially
molten zone, and temperature gradients within the
partially molten zone reached up to 65°C/m ver-
tically (21). Because the hot end was always en-
riched with light isotopes during thermal diffusion
experiments (16, 17, 20), these thermal gradients
may have driven Fe diffusion and Fe isotope
fractionation in both whole rocks and olivines,
enriching the olivine cumulates in the light
isotopes of Fe (and the light isotopes of Mg).

In addition to thermal diffusion, kinetic isotope
fractionation can also happen by chemical diffu-
sion. This could have happened during diffusion-
limited crystal growth, where light isotopes can be
supplied to the growing crystal at a faster rate than
heavy isotopes resulting from differences in dif-
fusivities (15, 22). Fractionation could also have
taken place during chemical re-equilibration of oli-
vines in the course of cooling and crystallization of
the lava lake. The olivines from samples quenched
at lower temperature are more Fe-rich and show
more scatter in composition than those from sam-
ples quenched at higher temperature (fig. S1) (12),
which reflects re-equilibration of the olivines with
evolving residual melts (23). Diffusion of Fe from
the melt into the interior of the olivine phenocrysts
should be associated with kinetic isotope fraction-
ation, thereby enriching the partially equilibrated

– 0.1

0.0

0.1

0.2

0.3

051015202530

MgO (wt%)

Oxides

0.05

0.10

0.15 

0.20

0.25

10

12

14

16

F
e

O
to

ta
l 
(w

t%
) 

Aug.
Plag.Ol.Melt + olivines

δ5
6
F

e
(‰

) 

F
e

+
3/ ∑

F
e

Fig. 2. Variations of FeOtotal, Fe
3+/∑Fe ratios, and d56Fe values as a function of MgO contents in

whole-rock samples. Samples with MgO > 11 wt % are melt + olivine phenocrysts, whereas those
with MgO < 11 wt % reflect fractional crystallization of olivine (Ol.), followed by augite (Aug.),
plagioclase (Plag.), and Fe-Ti oxides (11). Gray circles represent all samples from Kilauea Iki lava
lake (27). Error bars indicate 95% CI of the mean. Data from table S1.

Fig. 3. Iron isotopic compositions
of olivine grains from Kilauea Iki
lava lake. The curves are kernel
density estimates with automatic
bandwidth selection and have the
same surface area. The dashed
lines are the d56Fe values (+0.11
and +0.12‰) of those two whole
rocks. Error bars indicate 95% CI
of the mean. Data from tables S1
and S2.
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olivines in the light isotopes of Fe (and the heavy
isotopes of Mg) (16, 20).

The extent of equilibrium isotope fractionation
is mainly controlled by the relative mass dif-
ference between the isotopes, and more fraction-
ation happens in isotopes with a larger relative
mass difference (14, 24). If the Fe isotopic varia-
tion in the lava lake was produced by equilibrium
isotope fractionation, Mg isotopes should show
more significant fractionation than Fe isotopes
because of their larger relative mass difference.
Furthermore, kinetic isotope fractionation driven
by thermal and chemical diffusion should also
result in larger fractionation in Mg isotopes as
compared with that in Fe isotopes (16, 17, 20).
The absence ofMg isotope fractionation inKilauea
Iki lavas may result from the low-precision iso-
topic analysis of Mg relative to Fe (e.g., 0.1
versus 0.04), which prevents the detection of
Mg isotopic variation. More likely, the presence
of Fe isotope fractionation and the absence ofMg
isotope fractionation may reflect the influence of
Fe oxidation states on kinetic or equilibrium iso-
tope fractionation (as compared with those of Mg,
two oxidation states of Fe exist in terrestrial mag-
matic systems) (5, 25).

Our study suggests that, unlike Li and Mg
isotopes (2, 3), Fe isotopes fractionate during ba-
saltic differentiation at both whole-rock and crys-
tal scales. Mineral compositions should therefore
be used to help interpret whole-rock basalt Fe
isotopic data. The elevated d56Fe of crustal igne-
ous rocks, which is more evolved than that in
basalts, could be explained by fractional crystal-
lization (10).
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Natural Variability of Greenland Climate,
Vegetation, and Ice Volume During
the Past Million Years
Anne de Vernal* and Claude Hillaire-Marcel

The response of the Greenland ice sheet to global warming is a source of concern notably because of its
potential contribution to changes in the sea level. We demonstrated the natural vulnerability of the ice
sheet by using pollen records from marine sediment off southwest Greenland that indicate important
changes of the vegetation in Greenland over the past million years. The vegetation that developed over
southern Greenland during the last interglacial period is consistent with model experiments, suggesting a
reduced volume of the Greenland ice sheet. Abundant spruce pollen indicates that boreal coniferous forest
developed some 400,000 years ago during the “warm” interval of marine isotope stage 11, providing a
time frame for the development and decline of boreal ecosystems over a nearly ice-free Greenland.

The potential for sea-level rise, caused by
melting of the Greenland ice-sheet as sur-
face air temperature increases, is consid-

erable (1). Although there is evidence that the

velocity of ice streams flowing into the ocean and
the rate of thinning of the ice have increased re-
cently (2, 3), large uncertainties remain about the
long-term stability of the ice sheet. The climate

Fig. 4. Modeling of Fe
isotopic variations dur-
ing magmatic differen-
tiation in Kilauea Iki
lava lake (12). Solid
lines represent calcu-
lated Fe isotopic com-
positions of residual
melts during fractional
crystallization by assum-
ing a Rayleigh distilla-
tion process with average
crystal-melt fractionation
factors (Dd56Fecrystal-melt =
d56Fecrystal – d56Femelt) of
–0.1, –0.2, and –0.3‰.
Dashed horizontal lines
represent calculated mix-
ing lines between the
most magnesian melt
from the 1959 eruption
(23) and the most mag-
nesian olivines [(MgO = 46.6 ± 1 wt % and d56Fe = 0, –0.1, and –0.2‰ (black squares)]. The blue star
represents the most magnesian melt (MgO = 10.7 wt %; assumed d56Fe = 0.11‰). The green bars
represent the ranges of measured d56Fe and estimated MgO in olivine grains from two drill core samples
(MgO = 33.6 to 39.8 wt% and 41.9 to 42.7 wt%; table S3). Sample crystallization sequences are the same
as those in Fig. 2. Error bars indicate 95% CI of the mean.
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SOM1. Whole-rock samples 

The Kilauea volcano is located on the southeastern side of the island of Hawaii. 

Kilauea Iki lava lake lies near the summit of Kilauea volcano, east of its main caldera, 

and was formed during the 1959 summit eruption of Kilauea volcano (S1, S2). Kilauea 

Iki lava lake was drilled over the period 1960-1988. The quenched drill core samples are 

instantaneous records of the processes that were active during the cooling of the lava lake. 

Therefore, the Kilauea Iki lava lake provides an ideal field laboratory for studying 

magmatic differentiation (S3).  

 

The original 1959 Kilauea Iki lava consists of picritic tholeiite and is composed of 

glass + olivine and chromite crystals, with an average MgO content of 15.43 wt.% (S2). 

Glass compositions in eruption samples range from 6.5 to 10.0 wt.% MgO (S4). The 

olivine phenocrysts include several distinct subpopulations, derived from different levels 

of Kilauea’s plumbing (S4). Internal differentiation of the lava lake has produced a 

variety of rock types from olivine-rich cumulates, through olivine tholeiites, to 

ferrodiabase and more silicic veins, and large chemical variations with MgO content 

ranging from 2.37 to 26.87 wt.% (S4). Rocks with MgO contents >7.0 wt.% contain 

olivine phenocrysts in a fine-grained groundmass of glass, clinopyroxene, plagioclase, 

and opaque minerals in varying amounts (S4, S5) and have been affected predominantly 

by settling of olivine crystals  while highly differentiated rocks with MgO contents <7.0 

wt.% have been produced by segregation of liquid from within coherent, crystal-rich 

mushes (S3,S4). The quenching temperature of these samples, as estimated by the MgO 

content of glass (S6) or from thermocouple data, ranges from greater than 1216 oC down 

to 1055 oC (S6). 

 

Eighteen well-studied samples covering the whole compositional and 

mineralogical spectrum of the Kilauea Iki lava, including two original eruption samples 

(Iki-22 and Iki-58) and 16 drill core samples from the interior of the lake, were analyzed 

to ascertain whether there is any Fe isotopic variation during basaltic differentiation. Nine 

 1



of the drill core samples in this study were entirely crystalline when drilled while seven 

of them (samples KI81-1-239.9, KI81-1-210, KI75-1-139.3, KI67-3-81, KI79-3-158.0, 

KI67-2-85.7, KI81-5-254.5) consisted of a liquid-crystal “mush” in which the interstitial 

melt was quenched by the drilling process.  

 

SOM2. Olivine grains 

Olivine phenocrysts in the eruption samples preserve a significant amount of 

internal disequilibrium and are moderately zoned (<3% Fo) with normally and reversely 

zoned crystals in about equal amounts (S7). The presence of variable zoning patterns 

within samples have been attributed to magma mixing (S2, S7). On average, the Fo 

contents of olivines in the eruption samples are relatively homogenous (Fo86±1). In 

contrast, olivines collected by drilling cores from the Kilauea Iki lava lake are all 

normally zoned, may vary by 5% Fo or more, and have re-equilibrated with the melt 

during slow cooling (S7). The Fo contents of olivines from the lave lake reflect the re-

equilibration process and vary significantly with quenching temperatures. Cores of coarse 

olivines in samples quenched from high temperatures have higher Fo contents than those 

quenched from lower temperatures (Fig. S1 and Table S3).  

 

Olivine grains have been picked up from two drill core samples. One sample was 

quenched from relatively high temperature (KI81-5-254.5, 1134 oC) and the other one 

was quenched from relatively low temperature (KI75-1-139.3, 1070 oC) (Table S2). No 

Fo data are available for these olivine grains but Fo contents in other olivines from the 

same sample (KI75-1-139.3) have been analyzed (Table S3) and vary from 67 to 76. The 

Fo contents of olivines from sample KI81-5-254.5 are estimated from the trend in Fig. S1: 

olivines with quench temperatures of 1135 oC in the lava lake have a limited range in Fo 

contents from 79.7 to 81.7. This range is used to represent that of olivines from sample 

KI81-5-254.5 with a quench temperature of 1134 oC. 

 

In addition to olivines, sample KI75-1-139.3 contains melt, augite, pigeonite, 

plagioclase and ilmenite, and sample KI81-5-254.5 contains melt, augite and plagioclase. 

These additional mineral phases are too small to separate for isotopic analysis.  

 2



SOM3. Analytical Method 

The whole-rock powders studied here have been used in previous studies (S3, S4, 

S8, S9, S10). The olivine grains were prepared as follows: Almost pure (>98%) olivine 

grains were handpicked under a binocular microscope, cleaned with Milli-Q water for 

3×10 minutes in an ultrasonic bath, and dried down under a heat lamp before dissolution. 

Both whole-rock powders and olivine separates were dissolved in a combination of HF-

HClO4-HNO3. Iron was purified on anion exchange resin (AG1-X8 200-400 mesh) in 

HCl medium by the established procedure of Dauphas et al. (S11,S12). Its isotopic 

composition was analyzed by using a Neptune high-resolution MC-ICPMS installed at 

the Origins Laboratory, The University of Chicago. The long-term precision, based on 

replicate analyses of granites, basalts, and chondrites, is ≤0.04‰ (95 % confidence 

interval).  

 

The accuracy was assessed in several ways. First, Fe isotopic compositions of 

well-characterized international standards analyzed in our lab agree well with published 

values (Table S4). Second, IRMM-014 was added to the eluted matrix fractions of 

several well-characterized samples in quantities that matched the Fe contents of the 

original samples and these mixtures were then processed through columns and analyzed 

as unknowns. The results show that these mixtures are isotopically indistinguishable from 

unprocessed IRMM-014 within 0.03 ‰. Finally, eluted Fe and matrix fractions of four 

end-member basalt samples were collected and interchanged (KI81-2-88.6 vs. KI81-1-

169.9; KI67-2-85.7 vs. KI81-1-210). The results show that these mixtures have Fe 

isotopic compositions identical to their original samples. These tests demonstrate that we 

are able to measure both accurately and precisely the Fe isotopic compositions of natural 

samples at the level of precision reported in Table S4.  

 

SOM4. Rayleigh distillation model in Fig. 4 

The equation that governs isotopic fractionation in a Rayleigh distillation process 

is (δ56Fe)melt = [(δ56Fe)initial melt +1000]f(α-1) –1000, where the fractionation factor is α 

=(56Fe/54Fe)crystal /(56Fe/54Fe)melt, the fraction of Fe remaining in the melt is f = 

F×Cm,FeO/Ci,FeO, (i and m subscripts refer to initial and melt, respectively). F is the 

 3



fraction of melt remaining and is calculated from the following equation based on the 

K2O concentrations of the samples (the concentration of an incompatible element is 

easily related to the fraction of crystals that have been removed from the system): Cm,K2O 

=Ci,K2O ×F(D-1), where D = Kcrystal /Kmelt =0.04 (S13). Cm,FeO is the FeO concentration in 

the remaining melt and Ci,FeO is the Fe concentration in the initial melt.  

 

Since samples with MgO <11 wt% reflect fractional crystallization of olivine , 

augite, plagioclase and Fe-Ti oxides (S4) and no sample with 11 wt% MgO has been 

analyzed, the sample KI67-3-39 (MgO = 10.73 wt%, total FeO = 11.32 wt%, K2O = 0.54 

wt% and δ56Fe = 0.11 ‰) is taken to represent the composition of the initial melt in the 

calculation (Ci,FeO = 11.32 wt%). The FeO concentration in the remaining melt, Cm,FeO, is 

represented by the FeO concentrations measured in the samples. 

 

SOM5. Mixing model in Fig. 4 

The equation that governs mixing of 2 end-members is δ56Fe= (δ56Fe)1 × f1 

+(δ56Fe)0  × (1-f1), where f1 is the fraction of Fe from the end member 1. Dashed lines 

represent calculated mixing lines between the most magnesian melt and olivines. Olivines 

from the eruption samples have the highest Fo contents (85-88% Fo (S7), corresponding 

MgO contents of 45.5- 47.7 wt%) and this chemical composition has been used as an end 

member in the mixing calculation. 
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Figure S1.Variations of quench temperatures of whole rocks vs. the 
range of Fo content in olivine grains. Olivines become progressively 
more Fe-rich as the temperature decreases and show more scatter in the 
lower-temperature samples, reflecting partial reequilibration of olivines 
with evolving residual melts. Data for the maximum and minimum Fo 
contents in olivine grains from Table S4. The Fo content of sample KI81-
5-254.5 is estimated based on the quench temperature of 1134 oC. See 
SOM1 and SOM2 for details.



Table S1 Iron isotopic data of whole-rock samples from Kilauea Iki lava lake, Hawaii 
 

Sample MgO  
(wt.%) 

SiO2 
(wt.%) 

K2O 
(wt.%) 

FeOtotal 
(wt.%) Fe3+/∑Fe T 

(oC) δ26Mg δ56Fe 95 % 
c.i. δ57Fe 95 % 

c.i. 
KI81-1-169.9 26.87 43.71 0.25 14.80 0.08  -0.34 -0.031 0.027 -0.039 0.038 
Cu doping        -0.034 0.024 -0.041 0.047 
Rep. Cu doping        -0.024 0.027 -0.044 0.041 
Matrix doping        -0.014 0.026 -0.009 0.070 
KI81-1-239.9 26.55 44.21 0.20 12.81 0.07 1140  0.031 0.029 0.039 0.028 
KI67-3-6.8 25.83 44.63 0.30 12.02 0.16  -0.32 0.050 0.026 0.063 0.045 
Cu doping        0.046 0.024 0.084 0.047 
KI81-1-210 24.53 44.87 0.21 12.23 0.08 1135 -0.31 0.019 0.027 0.019 0.038 
Cu doping        0.014 0.024 0.029 0.047 
Rep. Cu doping        0.031 0.027 0.038 0.041 
Matrix doping        0.004 0.026 0.001 0.070 
IKI-22 19.52 46.68 0.35 11.71 0.12 1216 -0.37 0.069 0.027 0.098 0.038 
Cu doping        0.072 0.024 0.108 0.047 
KI79-3-150.4 13.51 48.44 0.44 10.54 0.12  -0.41 0.117 0.027 0.176 0.038 
Cu doping        0.110 0.022 0.169 0.047 
KI75-1-38.9 12.46   11.40 0.12  -0.40 0.100 0.042 0.150 0.064 
KI67-3-27.5* 12.01 48.61 0.49 11.16 0.27   0.095 0.039 0.126 0.060 
KI75-1-139.3 11.70 48.77 0.52 10.73 0.13 1084  0.127 0.039 0.184 0.060 
replicate          0.123 0.032 0.182 0.044 
KI67-3-39* 10.73 48.90 0.54 11.32 0.33  -0.39 0.109 0.038 0.176 0.041 
IKI-58 8.08 49.91 0.55 11.16 0.21 1144 -0.42 0.209 0.038 0.305 0.041 
Cu doping        0.178 0.022 0.264 0.047 
KI67-3-81 7.73 49.75 0.63 10.94 0.14 1055 -0.35 0.146 0.029 0.184 0.038 
KI75-1-121.5 7.50 50.00 0.64 10.55 0.14  -0.40 0.118 0.039 0.179 0.060 
KI75-1-75.2 5.77 50.13 0.79 12.02 0.13  -0.29 0.150 0.039 0.230 0.060 
KI79-3-158.0 5.00   12.17 0.20 990  0.193 0.028 0.289 0.041 
Cu doping        0.189 0.022 0.293 0.047 
KI67-2-85.7 2.60 56.21 1.99 12.03 0.12 1060 -0.35 0.188 0.028 0.288 0.041 
Cu doping        0.184 0.022 0.271 0.047 
Rep. Cu doping        0.201 0.027 0.289 0.047 
Matrix doping        0.206 0.026 0.321 0.070 
KI81-2-88.6 2.37 57.07 1.90 11.61 0.19  -0.41 0.224 0.028 0.337 0.041 
Cu doping        0.205 0.022 0.310 0.047 
Rep. Cu doping        0.224 0.027 0.340 0.041 
Matrix doping        0.232 0.026 0.398 0.070 
KI81-5-254.5        1134  0.111 0.038 0.141 0.044 
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The sample number is given first by the drill core number, followed by the depth of the 

sample in feet: e.g., sample KI81-1-169.9 comes from core KI81-1, 169.9 feet below the 

surface of the lava lake. Major elemental data from Helz et al. (S8) with uncertainties of 

less than 1% (S14); Fe3+/∑Fe is mole ratio of Fe3+ in Fe2O3 and total Fe (Fe3+ in Fe2O3 + 

Fe2+ in FeO), and quench temperatures are estimated for samples consisting of a liquid-

crystal “mush” by the MgO geothermometry (S6). δ26Mg data from Teng et al. (S9), with 

an external precision of ±0.1‰. δxFe =[(xFe/54Fe)sample/ (xFe/54Fe)standard -1] x 1000, where 

standard = IRMM-014 and x = 56 or 57); 95 % c.i. stands for 95 % confidence interval of 

the mean (for 9 replicate analyses of the same solution) and it integrates the long-term 

reproducibility based on replicate analyses of BHVO-1 standard (S12). Cu doping: 

solutions analyzed by Cu doping method besides sample-standard bracketing method 

(S15); replicate: repeat column chemistry from the same stock sample solution and 

analyzed by sample-standard bracketing method; Rep. Cu doping; repeat column 

chemistry from the same stock sample solution analyzed by Cu doping method; Matrix 

doping: eluted Fe and matrix fractions of four end-member basalt samples were collected 

and interchanged (KI81-2-88.6 vs. KI81-1-169.9; KI67-2-85.7 vs. KI81-1-210). The 

mixing solutions were then processed through columns and analyzed as unknowns. 

Samples marked with “*” are subsolidus samples that have been oxidized by exposure to 

air in the upper parts of the lake, and therefore their Fe3+/∑Fe ratios do not reflect initial 

values.  
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Table S2 Iron isotopic compositions of olivine grains from Kilauea Iki lava lake, Hawaii 
 

KI81-5-254.5  KI75-1-139.3 

Sample wt. 
(mg) δ56Fe 95 % 

c.i. δ57Fe 95 % 
c.i.  Sample wt. 

(mg) δ56Fe 95 % 
c.i. δ57Fe 95 % 

c.i. 
Ol-1 0.56 -0.755 0.032 -1.112 0.044  Ol-1 0.75 -0.253 0.032 -0.406 0.044
Ol-2 0.72 -0.721 0.032 -1.078 0.044  Ol-2 0.47 -0.149 0.032 -0.284 0.044
Ol-3 0.24 +0.032 0.032 +0.007 0.044  Ol-3 0.69 -0.412 0.032 -0.634 0.044
Ol-4 0.37 -0.073 0.032 -0.110 0.044  Ol-4 0.79 +0.017 0.032 -0.137 0.044
Ol-5 0.71 +0.005 0.032 +0.010 0.044  Ol-5 0.49 -0.212 0.032 -0.341 0.044
Ol-6 0.84 -0.134 0.032 -0.225 0.044  Ol-7 0.43 -0.319 0.032 -0.507 0.044
Ol-7 0.60 -0.079 0.032 -0.139 0.044  Ol-8 2.72 -0.164 0.032 -0.294 0.054
Ol-8 0.96 -0.056 0.044 -0.108 0.068  Ol-9 9.40 -0.323 0.029 -0.502 0.050
Ol-9 0.34 +0.085 0.044 +0.104 0.068  Ol-10 1.19 -0.268 0.029 -0.411 0.050
Ol-10 0.49 +0.038 0.044 +0.066 0.068  Ol-11 7.08 -0.271 0.029 -0.413 0.050
Ol-11 1.24 -0.683 0.044 -1.023 0.068  Ol-12 1.36 -0.293 0.029 -0.439 0.050
Ol-12 0.72 -1.103 0.033 -1.680 0.067  Ol-13 1.44 -0.180 0.029 -0.258 0.050
Ol-13 0.42 +0.035 0.033 +0.039 0.067  Ol-14 0.31 -0.210 0.029 -0.321 0.050
Ol-14 0.26 +0.032 0.033 +0.029 0.067  Ol-15 0.72 -0.306 0.029 -0.480 0.050
Ol-15 0.48 -0.419 0.033 -0.620 0.067  Ol-16 0.40 -0.321 0.025 -0.454 0.051
Ol-16 0.46 +0.067 0.033 +0.083 0.067  Ol-17 0.49 -0.316 0.025 -0.473 0.051
Ol-17 0.53 +0.041 0.033 +0.045 0.067  Ol-18 1.28 -0.164 0.025 -0.278 0.051
Ol-18 0.67 -0.154 0.033 -0.236 0.067  Ol-19 0.51 -0.226 0.025 -0.368 0.051
Ol-19 0.41 -0.420 0.034 -0.629 0.060  Ol-20 0.62 -0.205 0.025 -0.316 0.051
Ol-20 1.02 -0.085 0.034 -0.149 0.060  Ol-21 0.47 -0.240 0.025 -0.374 0.051
Ol-21 1.42 +0.022 0.034 +0.014 0.060  Ol-22 1.02 -0.238 0.025 -0.401 0.051

Average -0.206 0.155 -0.320 0.230  Average -0.241 0.040 -0.388 0.074
 

95 % c.i. stands for 95 % confidence interval of the mean (for 9 replicate analyses of the 

same solution) and it integrates the long-term reproducibility based on replicate analyses 

of BHVO-1 standard (S12). 
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 Table S3 Major element compositions of olivines from Kilauea Iki lava lake  

Sample SiO2 
(wt.%) 

FeO 
(wt.%)

MgO 
(wt.%)

Fo 
(mole%) 

T 
(oC) 

KI67-3-83.8 Max 35.5 31.4 32.6 64.9 1076 
 Min 35.1 35.0 29.3 59.9  
KI75-1-139.3 Max 37.7 22.1 39.8 76.3 1084 
 Min 36.8 29.3 33.6 67.1  
KI75-1-143.8 Max 38.2 21.0 41.2 77.8 1114 
 Min 37.6 24.2 38.9 74.1  
KI79-3-166.1* Max 38.9 17.9 43.0 81.0 1070 
 Min 38.2 21.5 40.0 76.9  
KI79-3-172.9 Max 38.8 18.9 41.7 79.7 1108 
 Min 37.2 23.7 38.6 74.4  
KI79-3-172.9* Max 39.5 12.7 45.7 86.5 1110 
 Min 38.9 18.2 41.6 80.3  
KI81-1-186.7 Max 38.0 22.7 38.7 75.3 1085 
 Min 38.0 23.2 38.4 74.7  
KI81-1-205.4 Max 39.2 18.5 42.1 80.2 1135 
 Min 37.8 19.0 42.0 79.7  
KI81-1-209.8* Max 38.9 17.0 42.7 81.7 1135 
 Min 38.8 17.8 41.9 80.7  
KI81-1-219.8 Max 38.3 19.0 42.2 79.9 1140 
 Min 37.6 18.8 42.0 79.9  
KI81-1-306.7 Max 37.4 21.9 40.0 76.5 1087 
 Min 36.9 24.0 38.5 74.1  
IKI-58  Max 40.0 13.0 46.6 86.5 1144 
 Min 38.8 16.5 43.9 82.6  
IKI-22  Max 39.9 12.1 47.8 87.6 1216 
 Min 39.4 14.2 45.9 85.2  

 
Major element compositions are analyzed by electronic microprobe from Helz 

(unpublished data). * Data are taken from Scowen et al. (S16). Fo is the mole fraction of 

forsterite in olivine (forsterite + fayalite). Quench temperatures are estimated by the MgO 

geothermometry (S6). 
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Table S4 Iron isotopic compositions of basalts, geostandards and meteorites analyzed 
during this study 

Sample Description δ56Fe 95 % 
c.i. δ57Fe 95 % 

c.i. 
BHVO-1 Basalt (Kilauea, Hawaii) +0.111 0.022 +0.156 0.033 
Replicate  +0.100 0.033 +0.140 0.055 
Average  +0.109 0.021 +0.154 0.033 
T4D2#1 Basalt (Loihi, Hawaii)  +0.047 0.030 +0.073 0.050 
T4D3#3 Basalt (Loihi, Hawaii) +0.067 0.030 +0.099 0.050 
T4D3#7 Basalt (Loihi, Hawaii) +0.056 0.030 +0.118 0.050 
BCR-1 Basalt (Columbia River, Oregon) +0.088 0.028 +0.111 0.045 
VS-90-56 Basalt (American-Antarctic ridge) +0.179 0.028 +0.255 0.045 
DTS-2 Dunite (Twin Sisters Mountain, WA) -0.006 0.022 -0.004 0.040 
AC-E Granite (Ailsa Craig island, Scotland) +0.330 0.032 +0.497 0.044 
IF-G BIF (Isua, Greenland) +0.633 0.030 +0.945 0.050 
Allende Chondrite (CV3) -0.010 0.030 -0.010 0.050 

 

Replicate: repeat column chemistry from the same stock sample solution and analyzed by 

sample-standard bracketing method; 95 % c.i. stands for 95 % confidence interval of the 

mean (for 9 replicate analyses of the same solution) and it integrates the long-term 

reproducibility based on replicate analyses of BHVO-1 standard (S12). 
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