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Abstract

Lava flows into the sea at Kilauea Volcano, Hawai‘i, and generates an airborne gas and aerosol plume. Water (H,0), hydrogen
chloride (HCI), carbon dioxide (CO,), nitrogen dioxide (NO,) and sulphur dioxide (SO,) gases were quantified in the plume in
2004-2005, using Open Path Fourier Transform infra-red Spectroscopy. The molar abundances of these species and
thermodynamic modelling are used to discuss their generation. The range in molar HCI/H,O confirms that HCI is generated
when seawater is boiled dry and magnesium salts are hydrolysed (as proposed by [T.M. Gerlach, J.L. Krumhansl, R.O. Fournier, J.
Kjargaard, Acid rain from the heating and evaporation of seawater by molten lava: a new volcanic hazard, EOS (Trans. Am.
Geophys. Un.) 70 (1989) 1421-1422]), in contrast to models of Na-metasomatism. Airborne droplets of boiled seawater brine form
nucleii for subsequent H,O and HCI condensation, which acidifies the droplets and liberates CO, gas from bicarbonate and
carbonate. NO, is derived from the thermal decomposition of nitrates in coastal seawater, which takes place as the lava heats
droplets of boiled seawater brine to 350—400°C. SO, is derived from the degassing of subaerial lava flows on the coastal plain. The
calculated mass flux of HCI from a moderate-sized ocean entry significantly increases the total HCl emission at Kilauea (including
magmatic sources) and is comparable to industrial HCI emitters in the United States. For larger lava ocean entries, the flux of HCI
will cause intense local environmental hazards, such as high localised HCI concentrations and acid rain.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

When magma interacts with water, the results can be
explosive and violent, at other times gentle and benign.
At Kilauea Volcano, Hawai‘i, basaltic lava usually flows
into the sea in a passive manner, with the interaction
confined to the boiling of seawater. Occasionally, larger
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lava ocean entries are associated with explosive activity
as seawater invades confined lava tubes [2]. This paper
focuses on the chemical interactions which take place as
seawater boils and evaporates extensively at the low
pressures of the ocean surface and creates a halogen-
rich, acidic, airborne plume [1,3,4]. Previous work has
identified the main component of the condensed plume
as hydrogen chloride [1,5,6].

This study presents the gas composition of the
airborne lava—seawater interaction plume derived from
a novel application of Open Path Fourier Transform
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infra-red Spectroscopy (OP FTS). The OP FTS spectra
were collected remotely (50—120m), using the incan-
descent lava flowing into the sea as a source of infra-red
radiation. The cold gases in the plume absorbed
characteristic wavelengths of the radiation, which was
then received by the spectrometer. The measured HCI/
H,0 molar ratios are used to distinguish between two
models for HCI generation in the airborne lava—
seawater interaction plume: the hydrolysis of magne-
sium chloride on boiling seawater to dryness [1] and
reactions involving steam and sodium chloride in
seawater [4]. The origins of the other constituents of
the plume are interpreted with reference to the chemical
and thermal processes taking place as lava interacts with
seawater. Estimates of the mass flux of HCI gas from the
lava entry site are compared to that from Pu‘u ‘O‘0 and
from industrial sources in the United States. These
results are extrapolated to large eruptions of Mauna
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_ lll Banana flow, Nov. 2003 - Sept. 2004
i _w PKK flow, Mar. 2004 - Feb. 2005
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Loa and Kilauea volcanoes and their implications
discussed.

2. Methodology

On 21 and 28 July 2004, lava was emerging from
tubes on the lava delta and flowing into the sea as
several continuous streams of lava, each a few tens of
centimetres to a few metres wide (Fig. la,b). During
lava entry into the sea, a dense, white plume arose and
drifted downwind (Fig. 1c). On 21 July onshore breezes
carried the plume to the west—northwest and, on 28 July,
westwards. The large volcanic plume from Pu‘u ‘O‘0
drifted southwest on both days and consequently did not
mix with the lava—seawater interaction plume. OP FTS
measurements were made 80m northeast of the lava
ocean entry on 21 and 28 July 2004 (Fig. 1d) and on 6
and 20 February 2005, 150m west of the entry. On 6

Fig. 1. (a) Map of the coastal plain and lava ocean entry, compiled by C. Heliker; (b) the lava flow ocean entry on 20 July 2004, photograph by D.
Swanson; (¢) dense, opaque plume rising from the lava flow ocean entry 4 March 2005, photograph by T. Orr; (d) photograph to show the instrument
configuration for measurements, using the lava as an IR source and the dense lava—seawater interaction plume passing between the source and the

spectrometer.
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February the lava entry into the sea was vigorous; on 20
February 2005, the flux of lava reaching the sea
appeared greatly diminished. Estimates of the mean
lava flux into the sea are derived from calculations of the
volume of lava necessary to account for the SO,
released from Pu‘u ‘06 [7].

A MIDAC spectrometer with a stirling-cooled InSb
detector, which has a field of view of 0.5m at 80 m, was
used for the measurements. The aperture of the
spectrometer was aligned with a consistently glowing
lava flow, which served as the source of IR radiation,
just above the point at which it flowed into the sea. The
plume rose from where the lava was entering the sea,
immediately in front of the IR source (Fig. 1d), allowing
measurements of a very young plume (a few seconds).
Intermittent stagnation of the flow into the sea was
accompanied by a decrease in the vigour of the gas
plume, but the IR source was still sufficiently hot to
maintain a consistent signal-to-noise ratio. For each
measurement, eight spectra were averaged, yielding a
sampling rate of 4 single beam spectra per minute. The
spectra record the wavelength and intensity of IR
radiation between 1800 and 4000cm™'. For analysis,
Autoquant4 (MIDAC Corp.) was used, based on the
principles of Beer’s Law:

M
j=1

where M is the number of compounds absorbing in the
spectral region analyzed, A; is the observed sample
absorbance at frequency i, C; is the (unknown)
concentration of component j, L is the absorption
pathlength used in recording the spectrum, and a;; is the
absorptivity of compound j at infra-red frequency i. The
absorbance spectrum, 4;, for each species is obtained by
normalizing the measured spectrum which contains
absorptions S, by a background spectrum B, which is

free of, or contains less of, the species:
A; = —log(S;/B). (2)

In practice, every spectrum contained HCI gas and,
hence, the background also contained a small amount:
the pathlength-concentration values are minimum
values. Calibration spectra for pure components at
known concentrations are used to calculate the absorp-
tivities a;. Species analysed for were water (H,O),
carbon dioxide (CO,), hydrogen chloride (HCI),
nitrogen dioxide (NO,), sulphur dioxide (SO,), methane

Table 1
Wavenumber regions used for the fitting of laboratory spectra to
measured spectra

Species Wavenumber window Detection limit Error
(em ") (ppm mv) (%)
H,O 2143.86-2154.44 4000 8.4
CO, 2075.00-2079.59 2000 12
HCI 2705.16-2834.02 3 2.8
NO, 2913.25-2922.52 10 25
SO, 2470.28-2532.63 5 9.8

Detection limits were obtained by comparing the average background
amplitude in the fitting region to the absorption feature of the species
concerned. Detection limits are high for species present in the
background air, such as CO, and H,O. HCl is the only species with
low detection limits and errors, owing to its strong and fast absorption
feature in the region of no interference with other species and its low
abundance in the background air. Average errors were calculated from
the mean of the percentage error on each spectral retrieval. Errors on
NO, are high owing to some interference with the H,O absorbance
feature, although the fast nature of the NO, absorbance spectrum
ensures a reasonably low detection limit. SO, is a weak absorption
feature, although the spectral noise in this region is very low and
therefore SO, can be detected at 5ppm m.

(CHy4) and carbon monoxide (CO). Table 1 shows the
regions used for fitting, detection limits, and errors on
the measurements.

3. Results

The lava—seawater plume contained H,O, CO,,
HCI, NO, and SO, above limits of detection (CO and
CH, were below detection). Fig. 2 shows pathlength-
concentrations of these five species plotted against
time for 28 July 2004, 6 and 20 February 2005, and
Table 2 shows the calculated mean and maximum
pathlength-concentrations and estimated mean and
maximum plume concentrations for each species for
the four days of measurements. Fig. 2 and Table 2
show that CO,, NO,, and SO, were below detection
on 21 July 2004 and NO, was below detection on 28
July 2004. The pathlength-concentrations increased
and decreased over time (Fig. 2). This suggests that
either their generation was variable in rate or the
abundance and/or concentrations of the species were
affected by changing wind patterns. Fig. 3 shows
H,0, CO,, NO,, and SO, plotted against HCI. The
lack of a good correlation between species was due to
both rapid changes in plume chemistry as, for
example, water condensed from steam and dissolved
water-soluble components and to multiple and vari-
able sources for the plotted species (discussed later).
The mean molar ratios between each species and HCI
are similar on all of the days of measurement,



Fig. 2. H,0, CO,, HCI, NO; and SO, pathlength-concentrations (in units of ppm m by volume) over time for left: 28 July 2004 (NO, below detection); middle: 6 February 2005 and right: 20 February

2005.
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Table 2
Composition of the airborne lava—seawater interaction plume measured by OP FTS on 21 and 28 July 2004 and 6 and 20 February 2005
Date (CL)mean (CL)max Cnean(L) Plume concentration range
(ppm m) (ppm m) (ppm) C C
mean(plume) max(plume)
(ppm) (ppm)
21-July-04 n=100 H,0 1.23x10° 2.94x10° 1.54x10° 4.1%x10° 9.8x10°
CO, bd bd bd bd bd
HCI 224 65.4 0.280 750 ppb 22
NO, bd bd bd bd bd
SO, bd bd bd bd bd
28-Jul-04 =220 H,0 7.97%10° 3.55%10° 9.96x 10° 2.7x10* 1.2x10°
COo, 9.75x10° 4.22x10* 122 330 1400
HCl 46.0 172 0.575 15 5.7
NO, bd bd bd bd bd
SO, 24 38 0.30 800ppb 1
6-Feb-05 n=800 H,0 429x%10° 1.60x 10° 2.86x 10° 1.4x10* 5.4x10*
CO, 3.99x10° 1.74x10* 26.6 130 580
HCI 161 1270 1.07 5.4 42
NO, 6.2 65 0.041 200ppb 2
SO, 12 34 0.082 400ppb 1
20-Feb-05 n=520 H,0 9.46x 10° 2.05x10° 630 10° 3.2x10* 6.8x10*
CcO, 7.08 % 10° 1.79x10* 472 240 600
HCI 269 833 1.80 9.0 28
NO, 14 35 0.092 500ppb 1
SO, 5.0 15 0.034 200ppb 500ppb

Columns three and four are pathlength-concentration products, which are calculated directly from the absorbance spectra. (CL)pean is the mean
pathlength-concentration, calculated from n spectra (value of # given in column one) and (CL),,ax is the maximum pathlength concentration. Columns
five to seven are concentrations, derived by dividing the pathlength-concentration product by the pathlength. Column five, Cieanqr), is derived from
dividing column one by a total pathlength of 80m for the July 2004 measurements and 150m for the February 2005 measurements and has units of
ppm. Only a fraction of the total pathlength is plume, so columns six and seven together provide a range of expected concentrations of each species in
the plume using an estimate of plume width (30+5m for all measurements, estimated from photographs and detailed maps). Cpyean(piume) uses column
three divided by the estimated plume width to provide a mean value for plume concentrations and column seven, Ciax(plume)» Uses column four,
(CL)max, to provide an estimate of possible maximum plume concentrations. The number of significant figures reported are according to species and/
or plume width estimate; bd: below detection.

however, with the exception of HCI/SO,, which
varied considerably (Table 3).

Average pathlength-concentrations for water (steam)
ranged between 1.23x10° and 9.46 x 10° ppm m; and
estimated mean plume concentrations reached
~3.2x10* ppm on 20 February 2005 (Table 2). The
steam was derived from the boiling of seawater.
Molar HC1/H,O in the plume ranged from 5.8x 107>
on 28 July 2004 to 3.8 x 10™* on 6 February 2005 (Table
3). CO, was present in the plume above background on
28 July 2004 and 6 and 20 February 2005 at average
pathlength-concentrations of 3.99 x 10* (on 6 February
2005) to 9.75x 10° ppm m (on 28 July 2004). Average
plume concentrations (above background) of CO,
ranged from 130ppm on 6 February 2005 up to
330ppm on 28 July 2004 and probably reached
1400ppm in the proximal plume on 28 July 2004
(Table 2). CO, was below detection on 21 July 2004.

Mean HCI pathlength-concentrations of 22.4ppm m
were measured on 21 July 2004 and 269 ppm m on 20
February 2005. Estimates of average plume concentra-

tions yield 750ppb and 9.0ppm on these days,
respectively. On 6 February 2005 plume concentrations
reached 42ppm near to the lava—seawater interaction
plume source. In the 1990 measurements [3], concen-
trations of HCI averaged 6.4 ppm over a sampling time
of 5min in the plume and 9—-11m from the point of
origin, with a maximum of 12ppm. At similar distances
from the source, 10—-15ppm HCl was reported in
Kalapana in 1990 [8] (Fig. la). A rapid decrease in
HCI concentration with distance has been documented
previously [3], probably due to dilution and/or the rapid
removal of HCI from the plume by condensation into
water droplets.

NO, was below detection in July 2004, but at
average pathlength-concentrations of 6.2ppm m on 6
February and 14ppm m on 20 February. Estimated
mean plume concentrations were 200 and 500ppb,
respectively and maximum concentrations were 2 ppm
on 6 February (Table 2). In the study conducted by [3],
indicator tubes failed to detect NO, gas, probably due to
dilution of the plume downwind.
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Fig. 3. Covariation of HCI with H,0, CO,, NO, and SO, for left: 6 February 2005 and right: 20 February 2005. Units are pathlength-concentrations in

ppm m by volume.

SO, was below detection on 21 July 2004, but had a
mean pathlength-concentration of 24 ppm m on 28 July
2004, 12ppm m on 6 February 2005 and 5ppm m on 20

February 2005 (Table 2). Estimated concentrations over
the entire pathlength are 300ppb on 28 July 2004,
82ppb on 6 February and 34ppb on 20 February 2005
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Table 3
Mean molar ratios for the OP FTS measurements taken at the lava
ocean entry

Date HCI/H,0  HCI/CO, HCI/NO,  HCl/SO,
21-Jul-04 1.8x10°% 1.0x1072 - -
28-Jul-04 58x107° 47x1073 - 1.9
6-Feb-05 381074 4.0x102 26 13
20-Feb-05  2.9x107*  3.8x1072 20 54

(Table 2). HC1/SO, molar ratios are variable in the
plume on these three days, ranging from 1.9 on 28 July
2004 to 54 on 20 February 2005 (Table 3).

4. Discussion

4.1. Origin of HCI in the lava—seawater interaction
plume

Fig. 4 shows absorbance spectra collected at the
lava—seawater plume, a coastal plain lava flow and
from a crater vent at Pu‘u ‘O‘6. Reference absorbance
spectra show the idealised absorptions for SO,, HCI
and H,O. The Pu‘u ‘O‘6 spectrum clearly records the
presence of all three species, but the lava—seawater
plume spectrum contains HCI and H,O only and the
coastal plain gas contains H,O only. The lack of HCI
released from lava on the coastal plain (Fig. 4)
indicates the origin of the HCI gas is seawater and
not magmatic degassing from the subaerial lava flows,
consistent with the conclusions of other workers [1,4].
The “acrid smell of HCI acid” was reported upon

89

seawater splashing up onto the hot lava flows in 1969—
1972 [6]. They ascribed the formation of HCI to the
heat-induced dissociation of sodium chloride (NaCl)
when lava flowed over the salt crust left on the surface
of the shoreline. Two contrasting models of HCI gas
generation during lava—seawater interaction are con-
sidered. HCI aerosol production was explained previ-
ously by several possible reactions involving NaCl
from seawater and steam at high temperatures, to
produce gaseous HCI, followed by dissolution of HCI
into condensed water droplets [4]. The simplest such
reactions involved NaCl and steam as reactants and
either sodium hydroxide (NaOH) or a sodium silicate
(Na,Si,05) and HCI gas as products. These schemes
were rejected on the basis they would raise the pH of
local seawater around the ocean entry; the opposite is
observed [4]. Instead, they favoured reactions involv-
ing NaCl, H,O and an aluminosilicate phase derived
from the basalt, such as:

6Si02(s_1) + A1203<S71) + 2NaCl(S?1)

+ HQO(g,1>—>2NaAISi308 + 2HC](g) (3)

They also considered the incomplete hydrolysis of
silicate, followed by the exchange of hydrogen ions with
cations from seawater, which would yield HCI gas and an
Al-silicate phase [4]. Significant involvement of mag-
nesium chloride (MgCl,) was rejected as a main reactant
in the generation of HCl gas [4] owing to its lower
abundance in seawater (seawater contains 5.4 times more
NaCl than MgCl, by mass; Table 4). Alternatively, it has
been proposed that the heat added to seawater from the
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Fig. 4. Absorbance spectra for (from top to bottom) the lava—seawater plume 28 July 2004, gas issuing from a crack in the ceiling of a lava tube 3km
from the coast 6 August 2004, the volcanic plume from East Pond vent in Pu‘u ‘00 crater in March 2004, reference spectra for SO,, HCI and H,O.

The absorbance axis numbering is for the HCI reference spectrum.
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Table 4
Mean composition of North Pacific seawater, showing species for each
element present at concentrations >100ng/kg [9]

Element Species Mean conc.,
ng/kg
Sulphur Norn 898 x 10°
Nitrogen Dissolved N, 8.3x10°
NO5 0.42x10°
Strontium St 7.8%10°
Bromine Br 67x10°
Phosphorus Reactive POy 62x10°
Todine (V) 58x10°
Calcium Ca** 412x10°
Boron Borate 45%x10°
Potassium K" 399x10°
Uranium 32x10°
Carbon Inorganic CO, 27.0x10°
Oxygen Dissolved O, 2.8%10°
Silicon Reactive SiO, 2.8x10°
Vanadium 2.0x10°
Chlorine cr 19.35x10°
Lithium Li* 180x10°
Barium Ba>" 15x10°
Sodium Na* 10.78 x10°
Molybdenum 10x10°
Fluorine F 1.3x10°
Magnesium Mg** 1.28x10°
Arsenic As(V) 1.2x10°
Argon Dissolved gas 0.62x10°
Rubidium Rb" 0.12x10°
Nickel 480
Zinc 350
Krypton Dissolved gas 310
Caesium Cs* 306
Chromium Cr(VI) 210
Antimony 200
Neon Dissolved gas 160
Copper 150

lava is sufficient to boil it dry, providing the opportunity
for the more reactive magnesium chloride salts, the last
salts to form in the final stages of seawater evaporation
[10], to hydrolyse on contact with dry steam and generate
HCI gas [1]. Furthermore, [1] proposed that other salts
(NaCl, KCl, CaCl,) have a minimal role in the process.
Laboratory studies and thermodynamic calculations
indicate that the equilibrium sequence of salt precipita-
tion from evaporating seawater at 25°C is calcium
carbonate when around 50—60% of the original volume
of seawater remains, gypsum (CaSO4-2H,0) and/or
anhydrite (CaSO,4) when around 20% remains, halite
(NaCl) when 9.5% remains, and K- and Mg-salts when
<2% seawater remains [10]. Often, ancient evaporite
sequences do not contain Mg- and K-salts owing to
periodic recharge of seawater into the system, which
prevented the evaporation process from proceeding to
completion.

The variety of plausible magnesium chloride salts
formed when seawater is boiled to dryness can be
expressed as MgCl,-nH,0, where the value of n can be
0, 1, 2, 4, or 6. Products resulting from the hydrolysis of
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Fig. 5. (a) Model HCI/H,O ratios for hydrolysis of magnesium
chloride salts, NaCl and KCI compared to the range of 98% of the
OP FTS HCI1/H,0 values observed in this study. The thick-coloured
curve represents hydrolysis of magnesium chloride salts based on
reactions of types (3) and (4) at 0.1 MPa, as discussed in the text.
Coloured line segments indicate the temperature stability ranges for
reactant and product phases as follows: (grey) MgCl,-6H,0+Mg
(OH), (100-150°C); (blue) MgCl,-4H,O+Mg(OH), (150-191°C);
(green) MgCl,-2H,0 +Mg(OH), (191-218°C); (yellow) MgCl,-H,O
+Mg(OH), (218-265°C); (pink) MgCl,-H,0+MgO (265-310°C);
(red) MgCl,+MgO (>310°C). The thin coloured line designates the
following reactant-product temperature stability limits in a dry-steam
interface film containing 90% air and CO,: (blue) MgCl,-4H,0+Mg
(OH), (<137°C); (green) MgCl,2H,O0+Mg(OH), (137-159°C);
(yellow) MgCl,-H,O+Mg(OH), (159-203°C); (pink) MgCl,-H,O
+MgO (203-235°C); (red) MgCl,+MgO (>235°C). Note that the
temperature stability ranges of the hydrated magnesium chlorides
shift to lower values in the latter case because of the lower partial
pressure of H,O; the phase MgCl,-6H,O is no longer stable above
100°C. There is a perceptible upward inflection in H,O/HCI for
both curves above the temperature at which MgO becomes stable
(intersection of yellow and pink). (b) Histograms to show the range
of measured molar HC1/H,O on each of the four days and for all of
the data. The mean HCI/H,0 (equal to 3.3x 10" %) and the range in
which 80% of the data points lie (between 10 * and 10 %) are
marked.
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MgCl,'nH,O include Mg(OH), (brucite) and MgO
(periclase) with release of HCI:

MgCl, - nH,O—Mg(OH), + (n1—2)H20 gy
+ 2HCl(gas) (4)

MgClz I’leO—>MgO + (n—l)Hzo(gaS)
+ 2HC gy (5)

Thermodynamic equilibrium models based on reac-
tions (4) and (5) allow calculation of HC1/H,O ratios in
dry steam films at the lava—seawater interface and are
compared with values of HCI/H,O measured in this
study. Results are presented from 100 to 400°C for dry
steam interface films in shallow seawater (depths
<10m, total pressures <0.2MPa), at 10°C steps, after
first determining the stable reactant and product solid
phases over the 100-400°C range (Fig. 5a). Thermo-
dynamic data are from [11]. Equilibrium models may
only be accurate for the lower end of this temperature
range, but taking reaction kinetics into account for this
particular case requires, in addition to the necessary rate
equations, models of heat transfer rates for the lava—
seawater system, which could be highly variable and
complex. The equilibrium model offers a practical
approach that can give approximate HCI/H,O ratios at
lower temperatures and useful insights into actual
processes. The models assume unit activities for the
solids and ideal gas behaviour. For these conditions and
assumptions, HC1/H,0 is approximated by the square
roots of the equilibrium constants for reactions of types
(4) and (5). Fig. 5a shows the results at 0.1 MPa and
includes, for comparison, the HC1/H,O ratios calculated
for the hydrolysis reactions of NaCl and KCI:

NaCl + H20<gas)—>NaOH + HCl(gas) (6)
KCl + HQO(gaS)HKOH + HCl(gas). (7)

The hydrolysis of calcium chloride (CaCl,) yields
HCI1/H,O ratios similar to those calculated for the
alkali salts; however, calcium chlorides are generally
not produced during seawater evaporation, since
calcium is almost entirely consumed by early sulphate
and carbonate formation (CaSO, and CaCOs). Fig. 5b
shows the HCI/H,O molar ratios measured by OP
FTS. The mean HCI/H,O molar ratio for all of the
data is 3.3x10" % 80% of the data lie in the range
10 % and 10_3, and 98% lie between 10 > and 1072, It
is clear from Fig. 5a that many orders of magnitude
separate the molar HCI/H,O resulting from hydrolysis
of alkali chloride from the hydrolysis of magnesium
chloride salts, and also that the range in HCI/H,O

measured in this study (Fig. 5b) is associated with the
latter process.

The presence of silica as a reactant in NaCl hydrolysis
(as suggested by [4]) increases the concentration of HCI in
dry steam by an order of magnitude through formation of
sodium silicate products [12], but this is not sufficient to
account for the disparity in HCI/H,O between the
hydrolysis of alkali chloride salts and magnesium
chlorides. The scatter in observed HC1/H,O ratios (Fig.
5b) may be due to three effects. Scrubbing of HCI by
water droplets with little simultaneous steam condensa-
tion [13] would tend to lower HC1/H,O. The interface
films may contain a significant fraction of air and CO,
released from acidified brine (see below), which would
elevate the HCI/H,O curve (Fig. 5a) and would be
especially pronounced for the hydrated magnesium
chlorides at temperatures <~200°C. An increase in
pressure would decrease HCI/H,O, but this effect is
minor for the expected modest pressure increases (up to
0.3 MPa) that might occur near shallow ocean entries.

The HCI gas formed in the dry steam interface films
dissolves into condensed water and boiled seawater
brine droplets down-plume, forming acid aerosol
particles within the airborne plume, which have been
sampled by previous workers [3,4]. Our measurements
of HCI gas near to the source of the plume show that this
process occurs at plume ages of greater than at least a
few seconds. For this to happen, it is essential that the
HCI of the interface films is separated from the brucite
and periclase products in order to prevent retrograde
neutralization reactions. Investigations (by SEM/EDX,
FTIR spectroscopy, X-ray powder photography, refrac-
tive-index measurements, and chemical staining tests) of
samples of molten lava splashed with seawater showed
that the solid products of these reactions (Mg(OH), and
MgO) formed coatings on the lava surfaces, together
with abundant NaCl and other salts [14]. This suggests
that similar deposits stick to the surfaces of ocean entry
lava fragments which sink to the sea floor or are released
as particles into a submarine lava—seawater interaction
plume, an area of light-coloured seawater generally
visible several miles westward down the coast.

It is of interest, as a historical note, that the hydrolysis
of magnesium chlorides posed a severe problem in early
determinations of the salinity of seawater by evapora-
tion, drying, and weighing of salts, owing to the escape
of HCI gas during the latter stages of evaporation, when
a high temperature is required to remove the last traces
of water [15]. The high reactivity of magnesium salts
can be seen in experimental simulations of processes
that could occur adjacent to radioactive waste canisters
in underground repositories constructed in rock salt.



92 M. Edmonds, T.M. Gerlach / Earth and Planetary Science Letters 244 (2006) 83-96

Studies were performed with electric heaters placed in
holes drilled into the floor of the Waste Isolation Pilot
Plant rock salt repository in the Salado Formation of the
Delaware Basin, New Mexico, to simulate canister
heating. Brine enriched in magnesium, potassium,
sodium and chloride seeped into the holes [16] and
deposits of magnesium chloride salts, Mg(OH),, and
MgO formed on the high-temperature end of heaters
where vaporisation was most intense, while hydrochlo-
ric acid condensate formed on heater components at
lower temperatures, causing extensive corrosion [17].

4.2. Origin of CO, and NO; in the airborne lava—
seawater interaction plume

Degassing of CO, from the magma occurs at
localized areas at the summit and rift zones [18] and
the lava is almost completely degassed of its CO, upon
entry into the sea, making magmatic CO, an unlikely
contributor to the lava—seawater interaction plume.
Heavy, intense precipitation inland from the lava entry
has frequently been observed [6], with the major-
element composition of seawater [4]. This suggests that,
in addition to condensed water from the evaporation of
seawater, there are droplets of boiled seawater brine
lofted into the atmosphere during small littoral explo-
sions to become part of the plume. These droplets then
provide a substrate for condensation of H,O and HCl
vapour co-generated by the lava—seawater interaction.
Condensation acidifies the droplets of seawater brine,
giving rise to highly acidic precipitation. A pH of 1.3
was measured in a condensate sample taken 9—11m
from the plume source [3], whilst a pH of 1.1-2.1 was
measured in precipitation samples [4]. This acidity
drives off the bicarbonate and carbonate contained in the
brine as CO, gas through the reactions:

HCO; 4+ H" —CO;(ga) + H2O( (8)
CO3™ + 2H" —>CO0y ) + H20yy). 9)

Precipitation samples from ocean entries in 1991 and
1995 contained no remaining CO3™ or HCO; above
detection [4], which supports this interpretation. Sea-
water typically contains around 27mg/kg inorganic
carbon (Table 4), which would yield around 20mg/kg
CO, gas upon complete neutralization. Smaller amounts
of CO, are probably produced from the acidification of
local seawater near to the entry. A decrease in total
dissolved CO, and alkalinity was measured in the
seawater around the lava entry [4]; they suggested that
this was due to the carbonate alkalinity of the seawater
being titrated by the acidification. However, the

acidification of boiled seawater brine droplets is likely
to be much more intense than that of local seawater near
entries, as the boiled seawater precipitation samples
have a pH of 1-2 (and, consequently, zero CO3 ; [4]),
whereas local seawater around the entries has a much
higher pH of >6 and, consequently, an alkalinity of
>1.5meq/L and a Y CO, of >1.8mM [4].

The evaporation and boiling of seawater at entries
could also cause CO, gas release related to calcium
carbonate (CaCO;) formation, which occurs after
around 50% water loss, involving calcium and bicar-
bonate ions as reactants, yielding CaCOs5, CO, and H,O
as products [10]. The fallback of acidic particles onto the
surface of the ocean will cause further minor acidifica-
tion and CO, release downwind of the entries. Local
heating of seawater will also lower the solubility of CO,
(and other gases such as O,) in the seawater, causing
their exsolution. The processes discussed above,
however, are likely to be much less important than the
condensation of HCI on brine droplets entrained into the
airborne plume in the generation of CO,.

A possible source of gaseous NO, in the lava
seawater plume is the thermal decomposition of nitrates
in seawater. Coastal seawater contains inorganic nitro-
gen, in the form of nitrates and nitrites (NO3 ~ and NO,
ions; Table 4). These are produced from natural sources
such as the oxidation of ammonium ions derived from
the decomposition of organic material, fertilizers,
sewage disposal systems and livestock facilities,
which enter groundwater and eventually reach the sea.
Concentrations of nitrate in the coastal waters of west
Hawai‘i have increased dramatically since the 1950s (up
to 140 pmol/m> in west coast bays) and has been linked
to eutrophication [19]. K,NO5 and Na,NO; decompose
on heating to KNO, and NaNO,, respectively [20].
Thermal decomposition of NaNO, does not begin to
take place until temperatures of around 600°C are
reached, generating Na,O and NO, [20]. Nitrates of
magnesium to copper in the reactivity series of metals
(and ammonium nitrate) decompose on heating to
~400°C, to form metal oxides, O, and NO, gas. Nitrate
was detected in precipitation samples previously [3],
which both confirms the presence of nitrates in the
boiled seawater brine droplets and suggests that not all
of the nitrate in the boiled seawater brine droplets is
thermally decomposed during plume formation, possi-
bly when some brine droplets are not boiled to dryness.
Nitrates are found in ancient evaporite deposits, where
they survived under conditions of gentle heating and
evaporation (as opposed to the extreme temperatures at
the lava—seawater entry) although their preservation is
rare owing to their high solubility in water [19].
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An alternative source of NO, is the fixing of nitrogen
from the air and from nitrogen dissolved in seawater.
HNO; was detected at mean concentrations of 5.6 umol/
m? at Lascar Volcano, Chile and 2.4 pmol/m> at Mount
Etna, Italy [21]. It has been shown theoretically that
heating air (or the gases dissolved in seawater) to
temperatures up to 1400K adjacent to basalt lava flows
or at the top of a magma column could generate a
significant mole fraction of NO in the air (approximately
6x10"* for temperatures of around 1400K) [21]
through the thermal decomposition of N, [22]. NO
was detected over the surfaces of active lava flows at
Kilauea at concentrations of up to 170ppb [23]. NO
oxidises to NO, (which probably accounts for 25% or
less of the NO, produced from NO at low NO
concentrations) or through photochemical reactions
with radicals such as ozone and the peroxy radical.
Oxidation rates of NO to NO, are low however, and it
would take a few hours for a significant fraction of the
thermal NO generated to be converted to NO, [24].
Further, the thermodynamical modelling presented
carlier suggests that temperatures in the proximal
lava—seawater interaction plume probably do not reach
the temperatures required in order for significant
thermal fixation of atmospheric N,, as documented by
[21], to occur.

The correlation between HCI and NO, (albeit weak;
Fig. 3, Table 3) suggests the NO, is generated rapidly at
the lava—seawater interface, consistent with the former
process of rapid thermal decomposition of nitrates of
magnesium, ammonium and calcium upon boiling
seawater to dryness and then heating the dry nitrates
to temperatures of around 400°C. Larger amounts of
NO, gas can be produced if the temperature of the steam
plume reaches 600°C, the temperature at which the
thermal decomposition of potassium and sodium nitrite
becomes significant. The NO, is removed from the
plume downwind through conversion to nitric acid
(HNOj3) by reaction with the hydroxyl radical and is
removed rapidly from the plume by rain [24].

4.3. The origin of SO, in the lava—seawater interaction
plume

SO, was detected on three days (Table 2, Figs. 2
and 3) but shows no consistent relationship with HCI in
the plume, in contrast with the other species detected.
We propose that the SO, is derived from the degassing
of subaerial lava flows on the coastal plain. SO,
exsolves from subaerial lava flowing from Pu‘u ‘O‘
to the ocean, caused by delayed disequilibrium degas-
sing and bubble rise through the flow during transport

[25]. Small amounts of gases escape from the lava tubes
through cracks in the tube roof and where lava breaks
out. Downwind of the numerous degassing lava flows
high SO, concentrations are possible which can easily
be detected by OP FTS.

Sulphate enrichment (8% over that of seawater) in
aerosol samples from the lava—seawater plume has been
reported [4]. They ascribed the excess sulphate to
degassing of the lava upon flowing into the sea, with
SO3 and F~ from the lava contributing 34+6% of the
acidity in the precipitate samples, the rest from Na-
metasomatism [4]. It appears unlikely that up to 40% of
the acidity in the aerosol samples was generated from
degassing of SO, and HF from lava. Lava degases
efficiently and extensively during subaerial transport
[25], so the melt is considerably depleted in volatile
components by the time it reaches the sea and any
release of volatiles upon reaching the sea will be minor,
as this study shows. Instead, the acidity is proposed to be
generated solely through the generation of HCI from the
hydrolysis of MgCl, (discussed above). The sulphate
enrichment in the condensate samples analysed by [4]
can be explained by the presence of small fibres of
gypsum and/or anhydrite. Boiling seawater increases the
sulphate concentration until saturation of sulphate
minerals is reached and they precipitate, beginning
when around 20% of the original volume of seawater
remains [10]. Sulphate was detected in silica-gel tube
samples up to 1 mg/m?> in concentration previously [3],
but sulphuric acid was below detection. The presence of
sulphate was ascribed to small fibres of calcium sulphate
identified in the airborne samples by transmission
electron microscopy analysis [3].

4.4. The mass flux of HCI from the lava—ocean entry

Thermal calculations are used to estimate the flux of
HCI from the sea entry, based on the hydrolysis of
magnesium chloride salts in seawater. The flux of lava
from Pu‘u ‘O°6 was estimated as 3.3m/s for July 2004
and around 6.9m?/s for February 2005, based on the
volume of magma necessary to account for the emission
rate of SO, from Pu‘u ‘O [7]. It has been estimated that
approximately one third of the extruded volume reaches
the sea [26]. The mass of lava required to evaporate 1kg
of seawater is given by:

My = ((AVSW +EVAP)/(AT X Clava))~ (10)

where M is the mass of lava required to evaporate 1kg
seawater, AVgw is the enthalpy change between
seawater at 15°C (63kJ/kg) and 100°C (419kl/kg),
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Eyap is the latent heat of vapourization of seawater
(2261kJ/kg at 100°C), AT is the change in temperature
of'the lava (1100 to 100°C) and C\,y, is the heat capacity
of basalt (0.84kJ/kg/K). Around 2.8kg of lava is
required to evaporate 1kg of seawater. The density of
basalt is approximately 2800kg/m’; therefore, it will
evaporate its own volume under ideal conditions. There
are 0.1039mol of chloride (associated with Mg salts) in
1 kg seawater. For a lava flux of 1 m®/s, assuming that all
of the lava cools to 100°C rapidly enough to vaporise
seawater and ideal thermal contact, the mass flux of HCI
gas generated at the ocean entry is approximately 3.7kg/
s, or, if the entry is sustained, around 300 metric tonnes
per day (t/d). In reality, only a small fraction of the lava
will have thermal contact with the seawater at or near the
ocean surface and the hydrolysis of magnesium chloride
salts is expected to be incomplete, so this is a maximum.
Cold lava fragments generated at the ocean entry are
typically up to a few tens of centimetres across, which
implies incomplete thermal contact with seawater. The
HCI gas flux from small pahoehoe lava ocean entries is
therefore expected to be approximately 10—100 times
smaller, yielding HCI mass fluxes in the range of 3—30t/
d. In February 2005 a correspondingly higher HCI flux
from the sea entry (approximately double, due to higher
lava effusion rates) was distributed between the three
entries. The amount of HCI gas produced is not expected
to be linear with the volume of lava reaching the sea
owing to the lower surface area/volume ratio of large
volume lava flows, which often maintain their coher-
ence offshore. Optimum HCI production from seawater
is likely to occur when the lava flows into the sea as ‘a‘a
(which has a greater surface area/volume ratio than
pahoehoe flows) or when pahoehoe flows subdivide.
Once underwater, seawater is vaporised over the surface
of the flows, but steam bubbles are quickly cooled and
collapse a few centimetres away from the surface of the
flow.

United States power plants and waste burning
facilities produce about 2.5Mt/yr HCI. Individual-
emitting sources are regulated to producing no more
than 1.8kg/h, and stack gases must contain less than
50ppm HCI. The largest source in the USA produces
8.2t/d (Environmental Protection Agency), similar to a
moderate-sized lava—sea entry. The mass flux of HCI
from Pu‘u ‘O‘0 crater and flank vents from magmatic
degassing, was around 20—40t/d [27]. The total flux of
HCI from Kilauea is therefore significantly increased
during lava ocean entries if the lava—seawater interac-
tion plume is also taken into account. Owing to the
rapidity of HCI dissolution and rainout in the lava—
seawater plume (and in the plume from Pu‘u ‘O*6), this

does not cause regional pollution, but it does produce
high, localised concentrations of gaseous HCI and
highly acidic precipitation.

During larger eruptions of Kilauea and of Mauna Loa,
the HCI flux from ocean entries might be significantly
greater. In 1840, a Kilauea eruption produced 215
million m*® lava, of which 153 million m® reached the sea
over 26 days [28]. This corresponds to a mean flux into
the sea of around 68m’/s. The ocean entry was
accompanied by “loud detonations, fearful hissings
and a thousand unearthly and indescribable sounds”
[28]. In 1919, a Mauna Loa eruption involved 152
million m® entering the sea in 10 days, a flux of around
176m?/s into the sea [29] and a 1950 eruption sent 76
million m® into the sea over 11 days [30], an average flux
of 80m?*/s. This ‘a‘a flow reached the sea at 1530 HST 2
June 1950, and a large, billowing cloud of steam arose.
The flow maintained coherence and continued to flow
several hundred metres offshore. By 1700 HST a line of
steaming water extended from the shoreline along the
course of the subaqueous flow. Close to shore and
directly over the flow, the water was boiling, and an area
of hot, turbulent water, where dead fish were floating,
extended for 2km [30]. The plume blew inland, causing
heavy acid rain beneath it [30]. These ocean entries
would have been associated with maximum HCI fluxes
0f 200-2200t/d sustained over 2—4 weeks, which could
have had a pronounced environmental impact on
humans, vegetation and marine life.

Large emissions of gaseous HCI are also expected
to accompany operations to divert lava flows using jets
of seawater [31]. During the Eldfell eruption (Iceland)
in 1973, 6.2 million metric tonnes of seawater were
sprayed on advancing lava flows, cooling their
surfaces and forming a thick crust, which prevented
further flow and the destruction of Vestmannaeyjar
[31]. The seawater formed thick steam clouds (there
was very little run-off), produced at an average rate of
around 0.4m>/s, which would have given rise to a
similar, or slightly greater (owing to the involvement
of ‘a‘d flows) mass flux of HCI gas to a typical lava
ocean entry at Kilauea, sustained over almost half a
year, although the use of this method appears justified
in the circumstances.

5. Conclusions

Open Path Fourier Transform infra-red Spectroscopy
is a remote and accurate way in which to study the
processes occurring in the gas phase of the airborne
lava—seawater interaction plume at Kilauea, Hawai‘i.
The gases H,0, CO,, HCI, NO, and SO, were detected
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in the plume. Thermodynamic modelling of the
hydrolysis reactions involving Mg salts compared
with the hydrolysis of Na (and other) chloride salts
show that the molar HCI/H,O ratios measured in this
study are in the range (10 * to 10 %) expected to
accompany the hydrolysis of Mg salts to form HCI
gas in the plume. The hydrolysis of Mg chloride salts
at the lava—seawater interface is chiefly responsible
for generating the HCl gas and the acidity of
precipitates of the airborne plumes that develop near
lava ocean entries. CO, is derived primarily from the
breakdown of bicarbonate and carbonate ions in
droplets of boiled seawater brine lofted into the
plume as HCl and H,O condense into them. NO, is
probably derived from the thermal decomposition of
dissolved nitrates in the seawater at around 400°C.
The temperatures required for significant fixation of
atmospheric N, (>1100°C) are probably not reached
in this plume and the conversion from NO to NO, is
too slow. Magmatic SO, degasses from subaerial lava
flows on the coastal plain. The total mass flux of HCI
from a typical ocean entry at Kilauea lies in the range
3-30t/d. The flux of HCI increases with the flux of
lava flowing into the sea and is expected to be
considerably higher during extensive ocean entries
associated with large eruptions of Kilauea or Mauna
Loa and will cause substantial local and, possibly,
regional effects such as acid rain.
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