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The chemistry of lava–seawater interactions II: The elemental signature
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Abstract—The flow of lava into the ocean at the shoreline of Kilauea Volcano during the ongoing Pu’u O’o
eruption has allowed a detailed study of the geochemical interaction between lava and seawater. This paper
focuses on the chemistry of the major and minor elements in the fluids that resulted from this interaction. The
elemental enrichments in these fluids are dominated by three processes: (1) evaporation of water from
seawater, which creates solutions enriched in the major elements found in seawater, (2) congruent dissolution
of the basalt glass matrix, which is limited by the solubility of some of the elements in seawater, and (3)
removal of volatile phases from the lava on contact with seawater.

Using a simple model of volatile emanation (using published emanation coefficients) and congruent
dissolution, we are able to explain the concentrations observed for the majority of elements in precipitation
from the steam plume at the shoreline lava entry and in water allowed to interact with molten lava in controlled
experiments. Fe, Al, Ti, and some of the rare earth elements (REEs) in precipitation samples from the steam
plume at the lava entry were � 10,000-times enriched over their ambient seawater concentrations, suggesting
that these elements may be useful for identifying submarine eruptions. The flux of elements from the Kilauea
ocean lava entry is greater than that from a typical midocean ridge hydrothermal vent field for Al, Cd, Co, and
the REEs, whereas the opposite is true for the remainder of the elements studied. Copyright © 2002 Elsevier
Science Ltd

1. INTRODUCTION

There is significant interest in the interaction between molten
rock and seawater because of the extensive subaqueous volca-
nism that takes place in the ocean basins. To understand this
volcanism, the midocean ridge scientific community has re-
sponded rapidly to sea floor events hoping to catch the nascent
fluids created when there is an eruption (e.g., Duennebier et al.,
1997; Baker et al., 1998). These responses, however, have
taken place more than a week after the eruptions and have used
water column surveys as the primary tool of investigation. To
best interpret the data that have been obtained requires an
understanding of the possible reactions that take place during
lava–seawater interactions. Part of our understanding comes
from equilibrium-state hydrothermal experiments (e.g., Sey-
fried and Mottl, 1995, and references therein) and from data
from hydrothermal vents, which are also close to a state of
equilibrium.

The results presented here are part of the most extensive
investigation to date of the physical and chemical interaction
between molten rock and seawater. In previous reports, San-
sone and Resing (1995) discussed the physical interaction and
gas geochemistry of lava–seawater interactions, whereas Res-
ing and Sansone (1999) discussed the creation of acidity during
these interactions. The study presented here discusses the geo-
chemistry of the minor and major elements in the fluids that
resulted from these interactions. This study was conducted at
the shoreline of Kilauea Volcano, Hawaii, where lava has been

entering the ocean on a fairly continuous basis since 1986. The
first part of our study involved the collection and analysis of
precipitation that was deposited beneath the large steam plume
created when lava entered the ocean. The second was a series
of experiments in which a measurable quantity of molten lava
was added to a known volume of deionized water or seawater.
The third was the collection of seawater samples and hydro-
graphic data at the site where lava entered the ocean.

The geochemical story is best told by the precipitation sam-
ples because they show large chemical anomalies, which are
well preserved by the acidity of the samples. The experiments
provide information on the amount of lava responsible for the
chemical signature, and differences and similarities between
DIW (deionized water) and SW (seawater) experiments offer
insight into the mechanisms responsible for the chemical sig-
nature. The surface ocean SW samples collected at the shore-
line demonstrate two things: The chemical signature (1) is
similar to that observed in the precipitation samples and (2) is
similar to that in the experiments. Thus, taken together, these
three data sets not only describe the chemical signature of the
fluids generated during lava–seawater interactions, but also the
amount of basalt responsible for generating the observed anom-
alies. From these data, we can construct a model that explains
the formation of the observed fluids. The results indicate there
are two mechanisms for the transfer of elements from the lava
to the water: (1) the transfer of volatile elements from within
the lava and (2) congruent dissolution of the basalt glass.

2. DESCRIPTION OF STUDY SITE

The study presented here was conducted where near-shore
lava flows enter the ocean on the southeast coast of the island
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of Hawaii. These flows are the result of the Pu’u O’o eruption
of Kilauea Volcano, which began in January 1983, with lava
reaching the ocean in August 1986 (Heliker and Wright, 1991).
Lava from this eruption continued to enter the ocean through-
out this study and continues to enter the ocean at the present
time. Magma injected from the mantle forms a magma chamber
beneath Kilauea caldera; this magma moves down Kilauea’s
east rift zone where it initially reaches the earth’s surface at
Pu’u O’o cone. The lava is then transported downslope as
surface flows and subsurface lava tubes, with the latter being
the primary mechanism for the transport of lava to low-lying

regions and to the ocean (Mattox et al., 1993; Peterson et al.,
1994). Before entering the ocean, the bulk of the magmatic
gasses are vented to the atmosphere at Pu’u O’o and to a lesser
extent from Kilauea Caldera and from subaerial lava flows
(Gerlach and Taylor, 1990; Cashman et al., 1994).

The entry of lava into the ocean is a violent process as
molten lava is rapidly quenched and fractured by its interaction
with the relatively cool seawater. The lava in turn heats the
seawater, creating a large pool of warm water with very dis-
tinctive hydrographic features (see Sansone and Resing, 1995;
Resing, 1997). Large steam plumes are created where the

Fig. 1. Major element concentrations in precipitation samples vs. Cl�concentrations. The symbols are the measured
precipitation values. The lines represent the element : Cl� ratio found in seawater.
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lava enters the ocean, and a portion of this steam immedi-
ately recondenses and falls as highly saline and acidic pre-
cipitation. The precipitation falls most heavily within 20 to
30 m of where the lava enters the ocean, often falling as
intense but sporadic downpours.

3. MATERIAL AND METHODS

The following section is a brief description of field sampling tech-
niques and analytical methods. The full details are described elsewhere
(Resing, 1997; Resing and Sansone, 1999).

3.1. Sampling

For trace element analysis, filtered and unfiltered samples were
collected into acid-washed bottles. Except where noted, samples were
filtered in the field using 0.2 �m pore-size acid-washed polycarbonate
Nuclepore filters placed in acid-washed Nuclepore inline filtration rigs
as described by Resing and Sansone (1999). All trace element samples
were acidified with sub-boiling quartz-distilled hydrochloric acid.

3.1.1. Coastal ocean

Ocean-based sampling was undertaken from a 24-foot fishing boat.
Samples discussed here were collected on four different dates: March
20, 1990, September 23 and 24, 1990, and March 1, 1991. Specific
sampling locations and site details are described by Sansone and
Resing (1995). Large-volume (1–3 L) samples were collected on Feb-
ruary 8 and March 1, 1991, and were transported to a class-100 clean
room were they were filtered using preweighed filters. Filters were
dried and weighed and particle concentration determined.

3.1.2. Precipitation

Samples of steam-plume precipitation were collected on three occa-
sions: February 28, 1991, January 31, 1995, and March 11, 1995, by
placing acid-washed polyethylene sheets (0.5 mm) below the steam
plume within 10 to 20 m of the lava entry. The samples from February
28 were not filtered.

3.2. Field Experiments

A series of experiments was conducted in which a measurable
quantity of molten lava from a subaerial lava flow was placed imme-

Table 1. Minor and trace element concentratins of stream-plume precipitation. Data not available or suspected of contamination are denoted with
“–”.

Feb. 1991 Jan. 1995
Mar. 1995

95–16
Background

seawater
Kilauea Lava*

(M/kg)91–6 91–7 95–3 95–2 95–1

pH 2.07 2.12 1.51 1.32 1.09 1.22 7.8
Cl mM/L 926 889 1463 1745 1947 1725 540 2.6 � 10�3

Na mM/L 809 779 1292 1599 1729 1529 463 0.73
Mg mM/L 92 89 140 168 184 163 53 1.79
SO4

2� mM/L 53.1 52.1 89.3 100.2 117.8 100.7 28.0 3.2 � 10�3

Ca mM/L 18.5 17.8 27.6 30.0 35.9 31.3 10.2 2.03
K mM/L 18.1 16.7 28.1 33.4 37.0 33.0 10.1 7.3 � 10�2

F �M/L 460 450 1600 2232 2317 2955 66 2.0 � 10�2

Li �M/L 46 43 71 89 95 86 25 6.6 � 10�4

Sr �M/L 137 141 225 239 286 255 90 4.6 � 10�3

P �M/L — — 22 28 36 31 0.2 3.8 � 10�2

Si �M/L 760 658 1453 1491 2137 1911 5c 8.31
Fe �M/L 663 977 1078 1425 1543 1159 0.01c 1.55
Al �M/L 1050 1620 1778 2419 2607 2094 0.05c 2.71
Mn �M/L 12.5 17.9 19.6 25.9 28.3 23.3 0.005c 2.4 � 10�2

Ti �M/L 52.7 83.0 112.1 137.4 182.1 157.2 0.00002n 0.34
V �M/L 2.58 4.30 4.51 5.75 6.38 4.90 0.04m 6.2 � 10�3

Co nM/L 342 524 547 707 812 622 0.05m 7.6 � 10�4

Ni nM/L 1042 1147 1157 1590 1602 4198 2n 2.1 � 10�3

Zn nM/L — 2594 4033 5867 6020 9340 1c 1.6 � 10�3

Cu nM/L 7275 6505 10521 13548 15083 — 1.5c 2.1 � 10�3

Y nM/L 114 169 192 200 256 203 0.08n 3.1 � 10�4

Cd nM/L 60.8 20.4 34.6 62.2 80.4 48.7 0.2m 6.1 � 10�7

Sn nM/L 4.37 3.17 10.92 33.91 43.92 47.52 0.02n 1.8 � 10�5

La nM/L 33.1 56.8 58.4 63.3 81.0 70.4 0.01n 1.1 � 10�4

Ce nM/L 87.5 131.9 148.9 153.4 212.2 180.1 0.004n 2.8 � 10�4

Pr nM/L 13.5 19.8 20.7 22.9 32.7 24.1 0.001n 4.0 � 10�5

Nd nM/L 53.6 81.6 87.6 98.6 132.0 104.7 0.005n 1.8 � 10�4

Sm nM/L 15.2 20.7 26.1 24.3 37.1 27.2 0.001n 4.1 � 10�5

Eu nM/L 6.57 9.11 10.10 9.78 14.88 11.56 0.0004n 1.4 � 10�5

Gd nM/L 16.78 24.37 27.30 30.41 43.56 32.43 0.002n 4.1 � 10�5

Tb nM/L 4.27 5.28 5.88 6.08 7.51 6.41 0.0002n 6.0 � 10�6

Dy nM/L 14.47 22.42 25.06 23.16 33.93 27.89 0.002n 3.2 � 10�5

Ho nM/L 2.85 4.42 5.12 4.56 6.16 5.20 0.0005n 6.0 � 10�6

Er nM/L 5.39 9.22 9.64 12.17 13.07 12.03 0.002n 1.4 � 10�5

Tm nM/L 0.50 1.20 1.00 1.01 1.38 1.28 0.0002n 2.0 � 10�6

Yb nM/L 4.82 7.57 7.99 9.47 11.56 10.04 0.002n 1.2 � 10�5

Lu nM/L 0.26 0.46 0.77 0.91 1.26 0.79 0.0005n 1.7 � 10�6

Pb nM/L — 19.64 45.00 66.07 81.31 77.97 0.06n 1.2 � 10�5

mMeasured, e Estimated from measured values, nfrom Nozaki 1997. * Data from Govindaraju, 1994.

1927Chemistry of lava–seawater interactions



diately in a known volume of water contained in a 2-L polyethylene
bowl with a tight-sealing lid. We report the results of 19 different
experiments from four different days that were conducted by using
deionized water (DIW) with � 17 M� resistivity and by using
deep-ocean seawater (SW) from the Hawaii Ocean Time Series
Station in the north-central Pacific Ocean (22°45�N, 158°W). The
SW experiments were filtered within 0.5 to 2 h of their completion,
whereas the DIW experiments were filtered within 20 min of their
completion. In addition, it should be noted that the March 11, 1995,
SW (seawater) and August 15, 1995, DIW (deionized water) exper-

iments were conducted using several small blobs of lava collected
using the crook-end of a wrecking bar, whereas the March 10, 1995,
SW and October 13, 1995, DIW experiments were conducted using
single blobs collected with a kitchen serving spoon perforated with
small holes.

The full details of the different lava–seawater experiments are dis-
cussed fully in Resing and Sansone (1999), and the experiments dis-
cussed here are only those conducted in seawater and deionized water;
they exclude experiments 1004, 1006, and 1025, which are not dis-
cussed, because they were not analyzed for trace elements.

Fig. 2. (A) Enrichment factor (after Li, 2000) for different elements vs. Cl in the precipitation samples. EFCl �
{Elp/Clp}/{Elsw/Clsw}, where Elp, Clp, Elsw, and Clsw are the concentrations of the element of interest and Cl in the
precipitation and background seawater, respectively (Table 1). (B) Enrichment factor for different elements in the
precipitation vs. in the lava using Al as the reference. EFAl � {�Elp/Alp}/(Ellava/Allava) where Elp, Clp, and Alp are the
concentrations of a given element, Cl� and Al, in the precipitation; Elsw and Clsw are the concentrations for an element and
Cl� in background seawater; Ellava and Allava are the concentrations in of an element and Al in Kilauea lavas (Table 1); and
�Elp � Elp � {Clp/Clsw � Elsw}.
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3.3. Laboratory Experiments

The removal of dissolved Al during boiling was investigated in two
experiments in which Al-spiked SW and DIW were boiled in the
laboratory and the Al concentrations monitored. In each experiment
water spiked with Al was placed in a Pyrex beaker and heated until
boiling. Water was continually pumped from the beaker through a
0.2-�m filter into the sample loop of a flow-injection analysis manifold
capable of detecting Al3� at 1-min intervals (Resing and Measures,
1994). The pH of the SW experiment was 	7.5, and that of the DIW
experiment was 	3.5.

3.4. Analytical Methods

Major element (Na�, Fe3�, Ca2�, Mg2�, Al3�, Sr2�, Cl�, F�, and
SO4

2�) analysis is described by Resing and Sansone (1999). pH was
determined by ion-selective electrode using National Bureau of Stan-
dards traceable buffers. Trace elements were predominantly determined
by inline-preconcentration-matrix-elimination inductively coupled
plasma mass spectrometry. The samples from the March 1995 exper-
iments and the March 1991 coastal ocean were analyzed at Oregon
State University by the method of Mclaren et al. (1993). All other
samples were analyzed at the University of Hawaii according to a
technique described by Resing (1997). Mn was determined by the
method of Carnrick et al. (1981) by graphite furnace atomic absorption
for samples from March and September 1990 and by flow injection
analysis (Resing and Mottl, 1992) for all other samples. Limits of
detection and precision of analysis are reported in Resing (1997).

4. RESULTS AND DISCUSSION

We report the results for the precipitation, the experiments,
and the coastal ocean in separate subsections. The chemical
signature observed in each setting was dependent in part on the
pH of each sample collected. The pH values of the precipitation

samples ranged from 1.1 to 2.1, the pH values of the DIW
experiments ranged from 3.4 to 4.3, and the pH values of the
SW samples (coastal ocean and experiments) ranged from 6.0
to 8.0. The higher pH values in the SW samples from the
experiments and the coastal ocean result in the adsorption of
some elements onto particle surfaces, whereas the lower pH
values of the DIW experiments show fewer such effects, and
the acidic pH of the precipitation samples show no adsorption
effects. In each case the fluids were filtered immediately, so
effects of the different pH values are representative of those
that took place in situ.

4.1. Precipitation

The precipitation samples were greatly enriched in many
major and trace elements (Fig. 1 and Table 1). As reported
previously (Resing and Sansone, 1999), these samples were
very acidic, with pH values between 1.1 and 2.1, and had
chloride (Cl�) concentrations ranging from 1.7 to 3.7 times that
of the local seawater. Resing and Sansone (1999) showed that
the other major ions normally found in seawater (Na�, Mg2�,
SO4

2�, Ca2�, K�) are present in the precipitation samples in
proportion to Cl�, e.g., Na�, Mg2�, and SO4

2� (Figs. 1, 2A).
We conclude that the primary source of these ions is seawater
and not lava. The precipitation, therefore, must arise from a
process that results in an increase in concentration of the
seawater salts. When seawater and lava interact, a large amount
of water vapor is released, and the remaining seawater is much
saltier and may even dry to form solid salt. This salty water and
solid salt are then introduced into the air through spatter and

Fig. 3. Elemental concentrations in precipitation samples vs. Si on three sampling dates. The symbols are the measured
precipitation values. The lines represent element : Si ratios in the host lava.
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through the violent explosions that constantly occur when
molten rock hits cool seawater. The airborne spatter is then
deposited onto the shoreline. Additional water vapor from the
steam plume condenses onto these salty water droplets and onto
particles of salt and glass and are also rained out onto the
shoreline.

In contrast to the major SW elements, many minor elements
were found to be greatly enriched relative to Cl� over their SW
values (Fig. 2A). Lava is the only possible source of the minor
elements. Yet despite the two very different sources of enrich-
ment for the major and minor elements, there is still a good
correlation between the major and the minor elements and Cl�

(Fig. 1.). This suggests that the processes responsible for the
enrichment of each element must be coincident in time and
space and share a common causality. The common link is likely
the amount of lava encountered by a parcel of water, so that as
more lava is encountered, more vapor is driven off, which
increases the concentration of Cl�. Similarly, as more lava is
encountered, the more that parcel of water is altered by the
lava.

Because the minor elements are derived from the lava, it is
appropriate to compare their concentrations with that of a major

element found within the basalt. Si is the major component of
the lava and is enriched 	160� over its ambient SW concen-
tration in the precipitation samples. Not surprisingly, the other
elements correlate fairly well with Si (Fig. 3). However, all of
the elements are more enriched relative to Si in the precipita-
tion than in the lava, suggesting one or more of the following:
(1) Si determinations were affected by a collection artifact, (2)
Si concentrations are limited by solubility or kinetic effects, or
(3) the other elements are more easily extracted from the rock
than is Si. One possible postcollection artifact is the polymer-
ization of the Si in solution. However, Si was determined both
by ICP-AES and by colorimetry, with both methods yielding
the same results (
 5%) for the filtered samples, 95-1, 95-2,
95-3, and 95-16. The ICP-AES measures dissolved and poly-
merized forms of Si (Isshiki et al., 1991), suggesting that the Si
concentrations that we report accurately reflect the Si concen-
trations at the time of collection. It is difficult to evaluate
solubility and kinetic effects because we do not know the
reaction temperature, the time of reaction, or the surface area
and/or quantity of glass. The Si concentrations observed here
are all � 2 mM. By comparison, the equilibrium concentration
of Si in solution is � 10 mM at 150°C in experiments using

Fig. 4. Elemental concentrations in precipitation samples vs. Al on three sampling dates. The solid line in each plot
represents the element : Al ratio of that element in the lava. Where the solid line is not apparent, the element has a much
higher enrichment in solution relative to that for Al and the line falls on the X-axis. The dashed line in each plot is the
regression through the points shown, except for Cd in which the single outlying point from March 1991 is omitted.

1930 J. A. Resing and F. J. Sansone



amorphous Si (Gunnarsson and Arnórsson, 2000) and 	5 mM
at 150°C in experiments using basalt glass (Seyfried and Mottl,
1982). Obviously, a temperature of 150°C is only an arbitrary
reference, because reaction temperatures are somewhere be-
tween the temperature of molten rock at 	1150°C (Cashman et
al., 1994) and local seawater at 	25°C. At extremely elevated
temperatures, the time to reach equilibrium is much shorter.
The relative immobility of Si vs. the other elements is most
likely to occur, because the other elements are thought to be
more easily leached than is Si in the early stages of dissolution
of silicate minerals and glasses (e.g., Berger et al., 1987;
Hellmann, 1995; Hamilton et al., 2001; Oeklers and Gislason,
2001).

Whatever the mechanism that limits Si concentrations, a

better understanding of the minor element geochemistry may
be obtained using another major basaltic component that is not
a major component of seawater, is not near its solubility in
solution, and was observed to be enriched in both the coastal
ocean and in the experiments. Al and Mn appear to meet these
criteria. Although Fe and Ti are greatly enriched in the precip-
itation, they show no discernable enrichments in samples from
the near-shore ocean and in the experiments performed in
seawater (see below). By comparison, Al and Mn showed clear
and reproducible enrichments in each of these settings. We
chose Al as our reference element, because it is more enriched
than Mn in the precipitation samples and in Kilauea lavas
(Govindaraju, 1994).

The concentrations of most of the elements covary much

Fig. 5. Elemental concentrations in filtered surface ocean samples plotted vs. change in temperature for four sampling
dates. �El � [El]sample � [El]background, where [El]sample is the concentration of an element in a sample and [El]background

is the background seawater concentration of that element.
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better with Al than they do with Si (Fig. 4 vs. Fig. 3), further
supporting our use of Al vs. Si as a reference element. In Figure
4, the solid lines represent the ratio of the particular elements to
Al in the lava. We note that Fe, Mn, La, and Co are present in
the precipitation samples at ratios to Al that are very close to
those in the lava, whereas F and Cd are present in the precip-
itation at ratios to Al far exceeding those observed in the lava.
The relative enrichments for all of the minor and trace elements
relative to Al are shown in Figure 2B. These data demonstrate
that there are many elements whose ratio to Al is close to that
observed in the lava, and that there are other elements (F, Cd,
Cu, Zn, Pb, and Sn) whose ratios are in excess of those
observed in the lava. This suggests that there are at least two
reaction mechanisms responsible for the chemical signature
observed in these samples.

4.2. Coastal Ocean

The entry of lava into the coastal ocean produces chemically
altered warm waters along the coastline of Kilauea Volcano.
The chemical enrichments of filtered samples covary with
increases in water temperature (Fig. 5 and Table 2), and the
enrichments for the different elements are similar from day to
day. However, we observe no consistent enrichment for Fe in
these samples (data not shown, Fe � 100 nM), whereas en-
richments that correlate well with temperature for the rare earth

elements (REEs) are only observed in samples filtered in the
field on March 1, 1991. Samples from other dates had similar
REE concentrations but show a poor correlation with temper-
ature. In addition, filtration in the field led to contamination for
Zn, and as a consequence, the only results reported for Zn are
those for March 1, 1991, which were filtered under class–100
conditions in the laboratory.

In addition to the filtered samples, aliquots of unfiltered
samples that had been acidified to pH � 2 for 	2 weeks were
also analyzed for many trace elements (Fig. 6). The violent
interaction between molten lava and seawater generates many
small glassy particles that get ejected onto shore and into the
surface ocean (Sansone and Resing, 1995). The concentration
of the suspended particles correlates well with temperature as
well (Fig. 7), and the solid lines in Figure 6 represent the
concentrations of elements that might be expected from the
complete dissolution of these particles (assuming a basaltic
composition). The concentrations of the REEs (e.g., La and Y),
Co, and Ti in the unfiltered samples are below the particle
dissolution line, suggesting that these enrichments could be
attributed solely to dissolution of the particles. Alternatively,
the concentrations of these elements in the unfiltered acidified
samples may result from their desorption from particles on
acidification. Cu and Cd also show significant enrichments in
filtered and unfiltered samples, and as above, the unfiltered

Table 2. Elemental comparison of Kilauea coastal seawater, and DIW and seawater experiments. Results are the slopes of the linear regression of
elemental concentration vs. change in water temperature or mass of lava added per liter of solution.

Coastal Ocean Seawater Experiments DIW Experiments Seawater Experiments DIW Experiments Fraction
Removed
from LavaM/°C R2 M/°C R2 M/°C R2 M/kglava R2 M/kglava R2

Al 1.0 � 10�7 0.88 7.8 � 10�8 0.92 2.3 � 10�7 0.87 1.7 � 10�5 0.88 4.3 � 10�5 0.96 1.6 � 10�5

Ca 5.9 � 10�7 0.92 1.2 � 10�4 0.96 5.7 � 10�5

Cd 2.5 � 10�11 0.82 2.0 � 10�11 0.62 2.6 � 10�11 0.68 4.2 � 10�9 0.86 3.3 � 10�9 0.99 5.4 � 10�3

Ce 4.0 � 10�11 0.61 7.1 � 10�9 0.85 2.6 � 10�5

Co 1.2 � 10�10 0.80 8.9 � 10�11 0.88 1.8 � 10�10 0.91 1.9 � 10�8 0.82 3.6 � 10�8 0.96 4.7 � 10�5

Cu 2.6 � 10�9 0.82 2.5 � 10�9 0.74 5.4 � 10�9 0.65 5.5 � 10�7 0.71 7.1 � 10�7 0.72 3.3 � 10�4

Dy 7.6 � 10�12 0.73 1.3 � 10�9 0.93 4.2 � 10�5

Eu 3.2 � 10�12 0.62 6.5 � 10�10 0.90 4.8 � 10�5

F# 4.7 � 10�7 0.81 2.6 � 10�7 5.0 � 10�7 5.8 � 10�5 8.1 � 10�5 4.0 � 10�3

F D1 3.8 � 10�7 0.97 2.3 � 10�7 0.98 8.9 � 10�5 0.98 6.1 � 10�5 0.96
F D2 1.3 � 10�7 0.86 7.8 � 10�7 0.90 2.7 � 10�5 0.73 1.0 � 10�4 0.84
Fe 3.4 � 10�8 0.14 1.3 � 10�5 0.54 8.3 � 10�6

Gd 7.9 � 10�12 0.74 1.4 � 10�9 0.92 3.3 � 10�5

La* 1.9 � 10�12 0.82 1.9 � 10�11 0.58 3.2 � 10�9 0.82 2.8 � 10�5

Mg 4.1 � 10�7 0.86 8.5 � 10�5 0.95 4.7 � 10�5

Mn 4.7 � 10�9 0.81 4.7 � 10�9 0.77 7.5 � 10�9 0.87 1.0 � 10�6 0.72 1.7 � 10�6 0.94 7.0 � 10�5

Na 2.8 � 10�7 0.81 6.7 � 10�5 0.86 9.1 � 10�5

Nd* 1.4 � 10�12 0.77 3.0 � 10�11 0.71 5.1 � 10�9 0.91 2.9 � 10�5

Ni 3.1 � 10�10 0.76 3.1 � 10�10 0.84 1.1 � 10�7 0.88 5.3 � 10�5

Pr 7.0 � 10�12 0.68 1.1 � 10�9 0.87 2.7 � 10�5

S# 5.3 � 10�6 7.1 � 10�4 2.2 � 10�1

S D1 2.8 � 10�6 0.98 4.1 � 10�4 0.97
S D2 7.9 � 10�6 0.86 1.0 � 10�3 0.79
Si 7.0 � 10�7 0.30 5.8 � 10�7 0.88 2.7 � 10�7 0.88 1.3 � 10�4 0.84 7.9 � 10�5 0.92 9.5 � 10�6

Sm 7.4 � 10�12 0.67 1.2 � 10�9 0.89 3.0 � 10�5

Sr 1.2 � 10�9 0.99 2.4 � 10�7 1.00 5.1 � 10�5

Ti 1.7 � 10�9 0.25 3.7 � 10�7 0.28
Y* 2.6 � 10�12 0.86 5.8 � 10�11 0.77 1.0 � 10�8 0.94 3.3 � 10�5

Zn 1.0 � 10�9 0.91 5.5 � 10�10 0.21 1.6 � 10�7 0.63 9.9 � 10�5

# F and S values for SW and DIW experiments are the average of the regressions for each of 2 d of experiments.
* For the coastal ocean, the data is from March 1, 1991 only.
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samples have higher concentrations than the filtered samples. In
contrast to the other elements, however, Cu and Cd concentra-
tions in the filtered and unfiltered samples exceed the concen-
trations expected solely from the dissolution of particles. This
suggests that the concentrations of Cu and Cd cannot be solely
attributed to the particles but are attributable to some other
mechanism.

4.3. Lava–Water Experiments

The addition of molten lava to seawater and deionized water
results in an increase in temperature of these fluids and the
transfer of elements from the lava to the fluids. The elemental
enrichments in the fluids covary with temperature and also with
the amount of lava added per volume of solution (Figs. 8, 9,
respectively). The enrichment of many elements per °C in the
experiments is similar to that observed in the coastal ocean
(Fig. 8; Table 2). The addition of lava also results in a decrease
in pH of the experimental fluids, with the final pH values of the
DIW experiments ranging from 3.4 to 4.3 and those of the SW
experiments from 6.0 to 8.2 (Resing and Sansone, 1999).

Whereas the results from the SW experiments compare well
with observed patterns in the coastal ocean for the trace ele-
ment data, the DIW experiments also show enrichments for the
major elements that are obscured by their concentration in

Fig. 6. Elemental concentrations for filtered and unfiltered samples from March 1, 1991. Unfiltered samples were acidified
2 weeks before analysis. The solid line in each plot represents the expected concentration from the complete dissolution of the
basalt glass particles present in solution. The line was calculated from the slope of particle concentration vs. change in
temperature, 1.4 mg L�1°C�1 (see Fig. 7) multiplied by the concentration of the respective element in the basalt (Govindaraju,
1994). The dashed line represents the slope of elemental concentrations vs. temperature in the DIW experiments (Table 2).

Fig. 7. Suspended particle concentrations in the surface ocean vs.
temperature. Samples collected offshore of black sand beaches where
there was no volcanic activity are shown by two arrows. One sample on
March 1, 1991, was collected in an area of upwelling, which was
induced by a submarine lava flow (roil) and is shown by an arrow. The
line is a least squares linear regression through the data and has a slope
of 1.42-mg L�1°C.
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seawater (Na, Ca, Mg, Sr, and S). As shown previously, Ca,
Mg, and Na are all enriched in the DIW experiments (see Fig.
5 in Resing and Sansone, 1999) but at levels that are far less
than their concentrations in ambient seawater. Ca2�, Mg2�,
Na�, Al3�, Fe3�, and H� account for �99% of the cations in
the DIW experiments (Resing and Sansone, 1999). Of these
cations, only Al3� demonstrates any appreciable enrichment in
the coastal ocean or the SW experiments. The maximum ob-
served concentrations for Na, Ca, and Mg in the DIW experi-
ments represent 0.007%, 0.4%, and 0.07%, respectively, of the
concentrations of these elements in ambient seawater.

The major anions found in the DIW experiments are F� and
SO4

2�. These two anions account for �99% of anions in solu-
tion. No enrichment is observed for Cl�. If the enrichment
observed for SO4

2� in the DIW experiments is similar to that
generated in a SW sample (maximum [SO4

2�] � 343 �M), then

this represents a maximum possible enrichment of 1.2% in the
coastal ocean ([SO4

2�] � 28 mM in seawater), which is almost
the same as our 1% error of determination of SO4

2� in seawater.
By comparison, the flux of F� is great enough to produce an
observable enrichment in both SW and DIW (see Fig. 6 in
Resing and Sansone, 1999).

In general, the enrichments for the trace elements are similar
for the DIW and SW experiments. However, Fe, Y, and the
REEs (e.g., La in Fig. 8) correlate well with temperature in the
DIW experiments but show no enrichment in the SW experi-
ments. The presence of these elements in the DIW experiments
(but not the SW experiments) suggests that they were initially
present in the SW solutions but were quickly adsorbed onto
particles, which were filtered from solution. This would be
consistent with the highly particle-reactive nature of these
elements, the final pH values of the solution, and the 0.5- to 2-h

Fig. 8. Elemental concentrations vs. change in water temperature for lava–seawater experiments. The line in each graph
is a regression of March 1, 1991, coastal ocean data for element concentration vs. temperature. For the seawater
experiments, �El � [El]sample � [El]background, where [El]sample is the concentration of an element in a sample and
[El]background is the background concentration of that element in the seawater.
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time interval before the SW experiments were filtered. The
effect of pH on this process has been demonstrated by De
Carlo et al. (1998), who showed that as pH is increased from
6 to 7, adsorption of the REEs onto FeOOH increases from
�20% to �85%. The DIW experiments have final pH values
ranging from 3.4 to 4.3, whereas the final pH values in both
the SW experiments and in the coastal ocean range from 6.0
to 8.2. Unfiltered samples were not collected from the ex-
periments; however, unfiltered samples were collected from
the coastal ocean and acidified, and as discussed above, the
relationship between REEs and temperature in these unfil-
tered samples are similar to those in the DIW experiments
(Fig. 6).

The mass of lava added to two experiments, one SW and one
DIW, caused the solutions in these experiments to boil.
These samples are identified in Figure 9 with the letter “b.”
It should be noted that these data are not included in Figure
8 because once the solutions start to boil, �T is no longer
meaningful. For Co, Cu, and Al, the enrichments observed in
the SW samples that boiled are greatly reduced over the

Fig. 9. Elemental enrichments vs. mass of lava added per volume of water. The data from the experiments that boiled are
label with “b.” �El � [El]sample � [El]background, where [El]sample is the concentration of an element in a sample and
[El]background is the background concentration of that element.

Fig. 10. The behavior of dissolved Al in solution during boiling. In
each experiment water spiked with Al was placed in a Pyrex beaker and
heated until boiling. Water was continually pumped from the beaker
through a 0.2-�m filter into the sample loop of a flow injection analysis
manifold, which detected Al3� at 1-min intervals (Resing and Mea-
sures, 1994).



values anticipated from the trend line of elemental concen-
tration vs. the amount of lava added. In contrast, enrich-
ments of these same elements in DIW that boiled appear to
follow the general trend of elemental concentration vs.
amount of lava added to solution.

An experiment to monitor the effects of boiling on Al con-
centrations was performed and demonstrates that Al was
removed from SW but not from DIW during boiling (Fig.
10). The results show that dissolved Al in seawater de-
creased from 4.8 �M to 1.3 �M in �5 min after the
initiation of boiling, whereas Al in DIW remained constant
at 	6.6 �M for �20 min after the initiation of boiling. This
result demonstrates that Al is removed from SW but not
from DIW during boiling. The starting pH values of the SW
(	7.5) and DIW (	3.5) were in the range of the final pH
values measured in the SW and DIW experiments. This
shows that Al, and perhaps Co and Cu, were released to
seawater but were quickly adsorbed onto particles formed
once the seawater started to boil. These particles were then
removed from solution by filtration.

4.4. Processes Controlling Elemental Signature

The interaction between lava and seawater creates a fairly
reproducible chemical signature in both the coastal ocean and
in the precipitate that rains onto the shore. In the following
section we will demonstrate that the elemental signature that
we observe in this environment is dominated by three pro-
cesses: (1) the congruent dissolution of the basalt, (2) the
release of elements from the lava as their volatile species, and
(3) the adsorption of many elements onto particles present in
solution.

As shown in Figures 2B and 4, the ratios of many elements
to Al in the precipitation are very close to their ratios to Al in
the host lavas. A plot of elemental concentrations in the pre-
cipitation vs. their concentration in the host lava (Fig. 11A)
shows that most of the elements are present in the precipitation
samples in stoichiometric proportions to their concentrations in
the host lavas. However, other elements (Sn, Zn, Cu, Pb, F, Cd,
and S) are present in the precipitation at greater than stoichio-
metric proportions to the basalt, whereas only Si falls below the
line. The DIW experiments (Fig. 11C) show the same general

Fig. 11. Elemental enrichments in water samples vs. elemental concentrations in host lava. Elemental data for the coastal
ocean and the experiments are in M°C, which is the slope of concentration vs. water temperature (Table 2). The elemental
data for the precipitation is in mol/L (Table 1). The dotted line is the concentration of an element calculated from its Al
concentration and the concentrations of that element and Al in the lava ([Els] � [Als] � [Ell]/[All], where the subscripts s
and l denote solution and lava, respectively. The solid line is a power fit to a portion of the data: (A) Precipitation. Power
fit is through Al, Co, Mn, Ce, Dy, Er, Eu, Fe, Gd, Ho, La, Lu, Nd, Ni, P, Pr, Sm, Sn, Tb, Ti, V, and Y. (B) Seawater
experiments. Power fit is through Al, Co, Mn, and Si. Although Fe and Ti (�) show no consistent enrichment in the coastal
ocean, the values displayed represent the maximum possible slopes of the data. (C) Deionized water experiments. Power
fit is through Al, Co, Mn, Si, Ca, Ce, Dy, Eu, Fe, Gd, La, Mg, Mn, Na, Nd, Ni, Pr, Sm, Sr, V, and Y. (D) Surface ocean.
Power fit is through Al, Co, Mn, and Si. As for the coastal ocean, Fe and Ti (�) show no consistent enrichment vs.
temperature, and the values displayed represent the maximum possible slopes of the data.
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trend except that Ti now falls significantly below the line.
Lower overall concentrations and changes in concentration for
SW experiments and coastal ocean samples (Figs. 11B,D)
result in less data to display; however, the general trends
remain.

Congruent dissolution of the elements from the host lava
controls the concentrations of the elements that fall on the solid
lines in Figure 11. The high acidity of the precipitation samples
could be responsible for dissolving the lava. However, the
precipitation samples from March 1991 were not filtered, yet
still fall on the same trend lines as the other elements (e.g.,
Figs. 1, 3, 4). In addition, we showed previously (Resing and
Sansone, 1999) that the SW experiments produced 	4 times as
much acid as the DIW experiments, yet the DIW and SW
experiments produce the same elemental trends vs. the amount
of lava added to solution (Fig. 9; Table 2). These data suggest
that the acid is not the sole cause of the elemental enrichments.
Perhaps the high temperature of the lava and/or the creation of
high surface-area hyaloclastites are partially responsible for the
observed stoichiometric signature.

The elements that fall below the solid lines in Figure 11 are
less easily removed from the lava (e.g., Si) and/or are scav-
enged from solution (e.g., Fe, Ti, and REEs). The low relative
concentration of Si in the precipitation samples is likely due to
some combination of Si solubility and the preferential release
of other cations compared to Si in the basalt as discussed above.
By comparison, Ti, Fe, and the REEs are very particle-reactive
and are known to be easily scavenged from seawater in the
marine environment (Orians et al., 1990; Rudnicki and Elder-
field, 1993).

Volatilization can explain why some elements (Sn, Zn, Cu,
Pb, F, Cd, and S) are enriched in the samples in excess of their
relative concentrations in the basalt. The role of element mo-
bility through high temperature volatility has been recognized
as an important mechanism for the mobilization of elements in
volcanic systems, e.g., Mt. St. Helens (Phelan et al., 1982;
Bernard and La Guern, 1986), St. Augustine (Symonds et al.,
1992), Merapi (La Guern and Bernard, 1982; Symonds et al.,
1987), Momotombo (Quisefit et al., 1989), Mt. Etna (Buat-
Ménard and Arnold, 1978), and Kudryavy volcanos (Taran et
al., 1995). To further understand the role of elemental volatil-
ity, various authors have applied thermodynamic calculations
to predict the distributions of various elements at elevated
temperatures (e.g., Krauskopf, 1964; Quisefit et al., 1989; Sy-
monds et al., 1992; Symonds and Reed, 1993). Figure 12
compares the relative amounts of the elements found in the
precipitation samples to those for elements found in fumaroles
from two different volcanoes. The elements from Figure 11 that
fall above the line are also those that show the greatest relative
enrichment in the fumaroles, and those that fall on or below the
line have low relative enrichments in the fumaroles (Fig. 12).
This result suggests that volatility may be an important mech-
anism for the release of elements from the basalt, and that Zn,
Cu, Pb, F, Cd, and S are released from the basalt as volatiles.

The relative volatility of the most volatile elements can be
evaluated if the initial concentrations of those elements in the
magma and their final concentrations after the magma has
degassed are known:

� � �Ci � Cf/Ci (1)

where Ci and Cf are the initial and final concentrations of an
element in the magma. This so-called emanation coefficient, �
(Lambert et al., 1985/86), is the fraction of an element that is
degassed from a lava before cooling. The vast majority of the
elements have � values that are � 0.01, and their direct mea-
surement is difficult because the initial and final concentrations
are different by � 1%, and this difference cannot be resolved
analytically. However, Pennisi et al. (1988) recognized that � of
a less-volatile element could be calculated from fumarole data
based on the relative enrichments of the less-volatile element to
that of a volatile element with a known �. Rubin (1997) used
this technique with data from the literature to calculate � for 44
different elements. We extended this study by calculating � for
F and S. Using the technique of Pennisi et al. (1988) and
volcanic fumarole data from Mt. St. Helens (Bernard and La
Guern, 1986), St. Augustine (Symonds et al., 1992), Merapi
(Symonds et al., 1987), and Kudryavy volcanos (Taran et al.,
1995), we estimated that �F � 0.26 
 0.03 and �S � 0.89 

0.12. Because these � values are fairly high, we can make an
independent calculation of emanation coefficients for S and F
by assuming that S and F are retained in submarine lavas and
are degassed in subaerial lavas. If we use the S and F values for
submarine lavas from Kilauea and Loihi (Muenow et al., 1979;

Fig. 12. Ratio of the concentration of elements in precipitation to
those in Kilauea lava vs. the ratio of elemental concentrations in
fumarolic condensates to those in the host rock concentration at Au-
gustine Volcano (Symonds et al., 1992) and Mt. St. Helens Volcano
(Bernard and Le Guern, 1986). For Augustine, ratios were calculated
for sample Dome 2 using host andesite concentrations from Symonds
et al. (1992) and AGV–1 (Govindaraju, 1994). For Mt St. Helens, host
dacite concentrations were taken from sample SH25 (Halliday et al.,
1983) and from AGV–1 when data were unavailable for SH25.
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Byers et al., 1985) and S and F values from subaerial lavas
from Kilauea (Swanson and Fabbi, 1973; Wallace and Car-
michael, 1992; Cashman et al., 1994; Govindaraju, 1994), we
estimate �F � 0.29 
 0.27 and �S � 0.90 
 0.15. Although
both sets of values are statistically the same, we use the former
values to create a consistent set of � values. The relative
amounts of the elements found in the precipitation and DIW
samples vs. � is shown in Figure 13. These results are consis-
tent with those from Figure 12, showing that the elements with
the greatest enrichment are those that are the most volatile.

We can model the data using a simple two-part equation
based on the congruent dissolution of a given amount of basalt
and the emanation coefficient of the volatile elements:

�El� � � A � �El�lava � �B � �El � �El�lava (2)

where A is the mass of lava dissolved, B is the amount of lava
degassed, �El is the emanation coefficient, and [El]lava is the
concentration of an element in the lava. The line in Figure 13
is a best-fit line through the data, and when the modeled results
are plotted vs. the actual results, there is good agreement (Fig.

14). Thus using a simple model of volatile emanation and
congruent dissolution, we are able to explain the concentrations
observed for the majority of elements in the precipitation and
the DIW experiments.

5. CONCLUSIONS

The interaction between molten lava and seawater at the
shoreline of Kilauea Volcano produces an elemental signature
that is predominantly the result of two mechanisms: the con-
gruent dissolution of the lava and the emanation of volatile
species from the lava. This signature is effectively modeled
using a simple two-part equation, which combines the congru-
ent dissolution of a fraction of the lava with the volatile
emanation of elements from the lava based on their emanation
coefficients.

The correlation between the data from the experiments with
those from the coastal ocean demonstrates that the experiments
were able to reproduce the natural interaction of lava flowing
into the sea. Because we know the amount of an element
liberated per kg of lava added to the experiments (Table 2), we
can use lava flow rates to estimate the flux of a given element

Fig. 13. Enrichments of different elements vs. emanation coefficient
(�El). A. Precipitation. [El]precipitation/[El]lava is the average concentra-
tion of an element in the precipitation divided by the concentration of
that element in the host Kilauea lava. The line is the best-fit ratio based
on Eqn. 2, where A � 7.4 � 10�4 kg and B � 0.40 kg. B. Deionized
water experiments. [El]DIW50C is the concentration of an element in
solution at 50°C, based on the linear regression of element concentra-
tion vs. temperature in the DIW experiments (Table 2). The line is the
best fit of the predicted ratio using Eqn. 2, where A � 1.1 � 10�5 kg
of lava and B � 9.0 � 10�3.

Fig. 14. Measured concentrations of different elements vs. those
modeled by Eqn. 2. The coefficients for A and B are listed in Figure 12.
The line is where the measured concentration equals the modeled
concentration. When �El � 10�4, congruent dissolution is responsible
for � 99.9% the observed chemical signature. Therefore, while �El has
not been directly calculated for Si, Ti, Nd, Pr, Y, Gd, and Dy, we can
deduce from existing data (e.g., Quisefit et al., 1989, for Si and Ti;
Rubin, 1997, for other REEs) that �El � 10�4 for these elements, and
we include these elements in the model by setting their �El � 0. (A)
Precipitation. (B) Deionized water experiments.
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from lava to the seawater at the coastline of Kilauea. A rea-
sonable estimate of lava flux into the ocean at this site is 	1 to
1.5 � 105 m3 day�1 or 2.7 � 105 kg day�1 between 1987 and
1997 (J. Kauahikaua, pers. comm.). Figure 15 compares the
flux of elements from lava flowing into the ocean to the range
of fluxes from a typical (2500 MW) midocean ridge hydrother-
mal vent field. We find that the flux of elements from the lava
flowing into the ocean at Kilauea is greater than that from a
hydrothermal vent field for Al, Cd, Co, and the REEs, whereas
the remainder of the elements show a greater flux from a
hydrothermal vent field than they do from lava flowing into the
ocean.

These data also provide a framework for identifying the
elements of interest during submarine eruptions. In particular,
Fe, Al, Ti, and some of the REEs in the precipitation samples
were � 10,000-times enriched over their ambient SW concen-
trations, suggesting that these elements would be useful for
identifying eruptions. The chemical signature and flux of ele-
ments from deep midocean ridge submarine eruptions is un-
known, because the many attempts to reach these eruptions
(e.g., Duennebier et al., 1997; Resing et al., 1999) have failed
to sample an active eruption in the deep sea. The general
applicability of this dataset to other eruptions, however, is
limited for several reasons. First, these observations were made
at 1-bar pressure, and most other submarine eruptions take
place below the surface of the ocean at higher pressures. At
higher pressures, more of the volatile elements are likely to be
partitioned into the solid phase. Second, the lava flowing into
the ocean from Kilauea is degassed of most of its CO2, H2,

H2O, and S gasses, and these more-volatile species may act as
carrier phases for the other less-volatile elements (Gerlach,
1989). Thus their absence from the lava entering the ocean may
yield a lower flux of volatile phase elements from the lava to
the water. Although the potential overriding effect of pressure
makes it hard to extrapolate this chemical signature to the deep
ocean, it has been demonstrated that Po has been completely
degassed from the glassy rinds of deep ocean lavas (Rubin,
1997), thereby demonstrating that some volatile elements are
transferred from lava to the deep sea during eruptions.

The overall set of reactions governing the geochemistry of
lava–seawater interactions at Kilauea volcano can be summa-
rized from the data presented here combined with those pre-
sented by Sansone and Resing (1995) and Resing and Sansone
(1999). We find that the interaction between lava and seawater
is governed by enrichment of the major SW elements due to the
loss of water vapor, the release of magmatic volatiles to gen-
erate both elemental enrichments (data presented here) and
acidity (Resing and Sansone, 1999), the exchange of ions in
seawater with that of the lava to produce acid (Resing and
Sansone, 1999), the congruent dissolution of the lava (data
presented here), and the reaction between water and the re-
duced Fe in lava to produce H2 (Sansone and Resing, 1995).
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