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Hydrography and geochemistry of sea surface hydrothermal
plumes resulting from Hawaiian coastal volcanism
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Manoa, Honolulu

Abstract. The entry of lava into the ocean at Kilauea Volcano, Hawaii has produced
extensive sea surface hydrothermal plumes. Studies at this site over 1989-1991 showed
that particle-rich, chemically altered thermal plumes of 1-3 m thickness can be mapped
for distances up to 2 Ian from the entries using an array of physical and chemical
tracers. Particle concentrations in the plumes were as high as 65 mg L-1

, and produced
light attenuation anomalies exceeding 11 m- I

; the maximum observed seawater tempera
ture was 69°C. The following extremes in plume chemical markers were measured: Hz,
2.1 pM; dissolved Mn, 320 oM; dissolved Si, 55 pM; ECOz, 1.6 mM; alkalinity, 1.5
meq L-1

; and pH, 7.1. Dissolved Hz linearly increased, and ECOz, pH, and total
alkalinity decreased with increasing seawater temperature. Dissolved Mn and Si also
increased with increasing temperature but were better correlated with each other,
indicating that heat is not conserved in the surface plumes. Heat and mass inputs to the
ocean are comparable to those from mid-ocean ridge crest vent fields.

A nllmber of reports of submarine lava extmsions have
been published, most based on observations of pillow basalts
and basaltic sheet flows made well after the emptive events
JShaw and Moore, 1988; Haymon et al., 1991]. In addi
tion, there have also been a few reports describing the actual
submarine emptions [Moore el al., 1973; Sansone et al.,
1991; Tribble, 1991]. Collectively, these studies indicate
that submarine lava extmsions are relatively frequent events
and may lead to significant fluxes of material and heat to the
overlying ocean on a local-to-regional basis.

Although there have been extensive investigations of
hydrothermal fluids emanating from seafloor spreading
centers, there have been only a few previous studies on the
physical and geochemical effects of direct lava-seawater
interactions. A briefstudy conducted at Apua Point, Hawaii
(l9°15'N, 155°11 'W) indicated that seawater enrichments
of Si, Fe, and Mn result from nearshore volcanic extmsions
[Fein et al., 1974; Sicks, 1975]. The 1963-1964 Surtsey
emption was shown to increase the reactive Si concentration
of overlying seawater (up to 20 p,M) due to the latter's
contact with "hot empted material" [Stefansson, 1966].
Sansone et al. [1991] and Sedwick et al. [1991] presented
preliminary data on sea surface hydrothermal plumes from
Kilauea Volcano, Hawaii. Finally, Cheminee et al. [1991]
characterized hydrothermal plumes resulting from hydro
thermal processes at the summit of Macdonald Seamount,
although the lack of. temperature data makes masslheat
calculations from their data impossible. Thus, in contrast to
the documented importance of deep sea hydrothermal
processes to the global and local budgets of a number of

Introduction

Copyright 1995 by the American Geophysical Union.

Paper number 95JC01120.
OI48-0227/95/95JC-OI120$05.00

chemical elements and heat, relatively little is known
concerning the importance of direct lava-seawater inter
actions.

The research reported here is an examination of the
hydrography and geochemistry of sea surface hydrothermal
plumes associated with shoreline and nearshore submarine
volcanism occurring on the island of Hawaii. Field observa
tions were made on separate occasions exhtbiting different
modes of volcanic activity. The results show both the
differences observed in the hydrological characteristics of
each event, as well as the hydrological and geochemical
similarities of the different cases of lava-seawater inter
action. Emphasis is given in this report to physical and
chemical tracers best suited· for detecting and monitoring
these distinctive plumes.

Description of Field Sites

The shoreline and nearshore lava flows on the southeast
coast of the island of Hawaii (19° 20'N, 155° O'W) (Figure
1) were studied on eight occasions during 1989-1991. The
Puu 00 emption, which is responsible for these flows,
began on January 3, 1983, and extmded lava at an average
rate in excess of 105 m3 d-I over the period 1983-1991
[Wolfe et al., 1987; Heliker and Wright, 1991; Manox et
al., 1993]. Magma reaches the surface at Puu 00 cinder
cone, where the bulk of the magmatic gases and other
volatiles are vented to the atmosphere [Gerlach and Taylor,
1990]. Subsurface tubes then supply this lava to downslope
surface flows, some of which extend to the shore [Moore et
al., 1973]. Some shoreline flows are thought to form
submarine lava tubes that feed at least some of the under-
water flows observed farther offshore [Peterson, 1976;
Tribble, 1991].

Five modes of lava-seawater interaction have been
observed at this site: (1) shoreline lava flows directly
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Figure 1. Location map of sampling sites for this study. Areas enclosed by rectangles are enlarged in
Figures. 2a - 2f; letters indicate the corresponding figure. The original (preeruptive) shoreline is shown.

entering the ocean, (2) tidal pools on active flows, (3) sub
marine pillow lavas, (4) submarine channelized lava flows,
and (5) seawater contact with lava in buried submarine
tubes, with resulting jets of heated water and bubbles being
ejected into the overlying seawater. These processes are
reviewed by Tribble [1991] and have been visually docu
mented on videotape [Sansone et al., 1990). The hot water
from the submarine processes rapidly rises along the seafloor
and joins seawater heated by shoreline flows to form a
cohesive surface plume that extends seaward from the shore
(see below).

Because there were significant differences in the volcanic
activity and the physical settings on each of the eight
sampling dates, a detailed description of each is given in
Table 1. Lava entry into the ocean during our 1991 sampl
ings was similar to that occurring throughout the period of
October 1990 to September 1991 and was distinctly different
from the activity on previous sampling dates. This eruptive
phase (called the "Wahaula phase" in this report) was
characterized by the existence of two or three large lava
entries in the vicinity of Wahaula Heiau [Mattox, 1992].
These entries were associated with tubes extruding nearly all
of Kilauea's lava output at the shoreline. Phreatic explo
sions there produced large quantities of vitreous particles
that produced a littoral cone and accumulated in downwind
subaerial deposits of up to several centimeters thickness
during periods of consistent trade winds. The lava entries
also produced vigorous steam plumes that released large
amounts of precipitation in the vicinity of the lava entries.
Precipitation collected 30-50 m from a lava entry had a pH
of -1.7 [Sansone and Resing, 1991]. The surface seawater
hydrothermal plume exten4ed offshore - 1 Ion (Figure 2f
discussed below), with a distinct linear jet of steaming
«40°C) water extending -200 m from the shoreline. The
highest seawater temperatures we observed were measured
during the Wahaula phase eruptions.

Methods

Surface seawater dissolved gas samples were collected
with a peristaltic pump connected to 7-mm diameter polypro
pylene tubing extending approximately 50 cm below the sea
surface. Other surface and subsurface seawater samples
were collected with a manually lowered 2.5-L Go-Flo bottle
(General Oceanics, Miami, Fla.) suspended from a dacron
line or with an all-plastic pole sampler.

A hull-mounted thermistor was used to continuously
measure surface seawater temperature (analytical precision
= ±0.05°C). Thermistor temperature profiling (±0.05°C)
used a hand-lowered probe with an on-deck meter. A Sea
Bird (Bellevue, Wash.) Seacat Profiler was used together
with a Sea Tech (Corvallis, Ore.) 0.25-m path length
transmissometer for additional salinity, temperature, and
light attenuation profiles (identified as "conductivity-temper
ature-depth (CTD) data"). High-resolution (±2 m) position
ing was obtained during the June and July 1989 expeditions
with a Motorola Mini-Ranger Falcon-IV transponder array.
Positioning on later dates employed triplicate compass
bearings taken on each of three shoreline range markers
using a handheld Autohelm (Nautech, Portsmouth, England,
U.K.) digital fluxgate compass.

Gas bubble samples were collected by Scuba divers using
a I5-cm diameter inverted funnel connected to inverted 60
mL glass sample bottles initially containing either unamend
ed seawater or distilled water saturated with HgClz. After
being filled with gas, the bottles were sealed with ground
glass stoppers lubricated with Apiezon-N grease. Excess gas
in the bottles was vented at a water depth of approximately
0.5 m in order to equalize pressure. The gas compositions
of the samples (listed in Table 2) were determined by gas
chromatography at the U.S. Geological Survey, Menlo Park,
Calif. The analytical precision was ± 1% for N2 , O2 , and
CO2 and ± 2% for H2 , and ± the respective detection limits



Table 1. Descriptions of Volcanic Activity and Physical Settings of Field Sites

Date Description of Nearshore Volcanic Maximum Surface Offshore Surface Form of Submarine Description and Location
Activity Plume Tempera- Seawater Tempera- Lava Activity Inclination of Near- Map

tore, lure, °c shore Seafloor
°c en

~
June li, 1989 small number of high volume flows 40.5 25.4 primarily cbannel- debris-eovered, Figure 2a en

0on large lava bench at Kupapau ized lava flows unstable; ~ 30° to Z
Point depths > 200 m ttl

July 26, 1989 numerous major and minor flows 44.3 25.6 channelized lava similar to June 1989 Figure 2b ~
along 3 Ian of shoreline; greatest flows and pillow 0

activity near Kupapau Pt. and lavas ;
Wahaula Heiau 2!

March 19-20, 1990 localized at lava bench immediately 25.9 24.2 pillow lavas loose talus on < lh Figure 2c 9
eastofKii of bottom; 140 en

ttl

April 2, 1990 no lava entries; control samples 24.6 loose talus with >... ... ... en
collected offshore of lava bench occasional pillow c::
east of Kii where flows had basalt outcrops ~
occurred until 10 days prior >n

June 13, 1990 diffuse entries along lava bench; 27.2 25.1 pillow lavas 3_90 out to 200 m Figure 2d
ttl
:I:

greatest activity at the southern offshore of the tjend original shoreline
::0

September 23-24, numerous entries along I-Ian length 48.9 25.3 pillow lavas >30 0 Figure 2e 0
~1990 of lava bench; greatest activity ttl

- 300 m NE of Hakuma Pt.
~

February 3, 1991 two high volume flows directly 60.5 25.7 NA >30 0 ... ~
entering the ocean, - 250 m east

~of Wahaula Heiau; numerous
phreatic explosions (see text) c::s::

March 1, 1991 three high volume flows directly 68.7 25.4 NA >300 Figure 2f
ttlen

entering the ocean; numerous
phreatic explosions

NA indicates that data are not available.

-w
V.
UI
-...I
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for the other gases (2 parts per million by volume (ppmv)
for CH4; 5 ppmv for CO, <;H6, and H2S; and 500 ppmv
for He). No differences were observed in the results for
bottles initially containing seawater and those containing
HgC~ solution.

Dissolved H2 in seawater was measured within one day of
sample collection by gas chromatography/Hg reductionlUV
photometry [Bullister etal., 1982] (±15%); samples were
collected in 60-mL glass bottles with ground glass stoppers
sealed with Apiezon-N grease and preserved with 0.5 mL of
saturated HgC~ solution. Total dissolved inorganic carbon
(ECO~ was measured (± 1.0%) by gas chromatography
[Weiss and Craig, 1973]; samples were collected and stored
in the same manner as the H2 samples. Alkalinity was
determined (±0.004 meq/l) by computerized potentiometric
Gran titration using an open cell modification of the method
of Edmond [1970]. The temperature (±0.05°C) and pH
(±0.01) of samples were measured in the field within 2 min
of collection; pH electrodes were standardized with NBS
buffers.

Suspended particles were collected by filtering seawater
samples in a class-loo clean room within 15 hours of

TEMPERATURE,OC
I I I I I
o melert 500

collection onto polycarbonate 0.22-J.LIll pore-size Nuclepore
filters mounted on polysulfone Nalgene holders. Seawater
samples were transported in l-L high-density polyethylene
Nalgene bottles. Mn in filtered samples was determined
(±5%) by flow injection analysis [Resing and Mottl, 1992].
Class-loo conditions were used for trace element sample
preparations; acid-washed apparatus and filters were used
for collection and filtration. North Atlantic Standard
Seawater (with standard additions) and Coastal Atlantic
Standard Seawater (National Research Council, Canada)
were used as dissolved Mn standards.

Dissolved inorganic nutrients (P04 (±0.02 pM); NH4,
N03 + N02 , and Si (±0.03 pM) were measured on filtered
samples (0.2-J.LIll pore-size) with a Technicon AutoAnalyzer
II using standard techniques [Parsons et al., 1984], except
for the September 1990 Si samples, which were measured
(±3%) by flow injection analysis [Thomsen et al., 1983].
Organic nutrients (dissolved organic phosphorus (±0.04 pM)
and dissolved organic nitrogen (±0.6 pM» were measured
on similarly filtered samples by the UV photo-oxidation
method, which has been shown to give comparable results
to high-temperature combustion methods in similar waters
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Figure 2. Temperature of surface seawater offshore of (a) Kupapau Point on June 11, 1989, (b) Kupapau
Point on July 26, 1989, (c) Kii on March 19, 1990, (d) Kalapana on June 13, 1990, (e) Kalapana on
September 23, 1990, and, (f) Wahaula on March 1, 1991. Shading in Figures 2aand 2b indicates the areas
surveyed; cruise track interval is S 100 m (modified from Sansone et aL [1991]), Solid circles in Figures
2c - 2f indicate the location of cooductivity-temperature-depth (CTD) sampling stations. Arrows at the
shoreline indicate areas of major lava entry into the ocean.
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core of the roil was -27°C and had chemical characteristics
virtually identical to background offshore seawater (Figures
8c, 8e, and 8f, discussed below).

The rate of upward advection of heated seawater from
submarine lava flows was determined on March 19, 1990,
by measuring the time taken for diver-released fluorescein
dye to reach the surface. Dye released immediately above
an active lava pillow flow at 24 m depth traveled to the
surface in 1.4 min, indicating a mean upward velocity of 0.3
mls over this depth interval. During its ascent to the surface
the diameter of the dye plume expanded from 1 m to 6 m.
Note that this experiment was conducted on a day with a
relatively small amount of underwater lava activity, so this
velocity may be a conservative estimate of velocities
possible.

As noted above in the site descriptions, considerable
temporal and spatial variability was observed in the near·
shore volcanic activity. This variability was also reflected
in the structure of the resultant sea surface hydrothermal

Figure 4. Temperature versus depth profiles offshore of
shoreline lava flows. (a) Offshore of Kii on March 19,
1990; station locations A, B, C and D are shown in Figure
2c. (b) Offshore of Kalapana on June 13, 1990; station
locations A, Band C are shown in Figure 2d. (c) Offshore
of Wahaula on March 1, 1991; station locations A, B, C and
D are shown in Figure 2f.
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As mentioned above, a variety of modes of lava-seawater
interaction have been observed at Kilauea Volcano. This
variation results from differences in the rate of lava entry to
the ocean, the dispersion of the shoreline flows, and the
offshore topography. As detailed below, the temporal
variability in this system has allowed us to observe a variety
of changes in the hydrography and geochemistry of the
surface hydrothermal plumes. Logistical constraints,
however, prevented our measuring all parameters on each
sampling date. Therefore temperature distribution was
mapped on each date (Figure 2a-f), and temperature was
measured on all samples; dissolved silica, which proved to
be a more conservative tracer, was also measured on most
samples. This allowed data to be compared between sample
sets collected on different dates.

Results and Discussion

[WaLs-h, 1989]. Sulfide was precipitated with ZnCl2 immedi
ately after collection and then determined spectrophoto
metrically (±19%, detection limit = 0.7 pM) within 1 day
[Cline, 1969].

Shoreline lava flows

. • Lava-healed

~
surface plume

Entrainment of cold water
Underwater lava n .

Upwelling of lava-healed water

Figure 3. Schematic cross section of the Kilauea shoreline
lava flows. Arrows indicate the direction of water motion.

Surface Plume Hydrography

The surface seawater immediately offshore of the lava
entries had temperatures markedly elevated with respect to
adjacent waters due to heating both by lava flows at the
shoreline and by underwater activity (Figure 3). The heated
seawater forms a distinct surface layer that advects offshore
(see below). .

The surface hydrothermal plumes were generally 2-4 m
thick and were frequently thicker with increasing distance
from the lava entries. The plumes generally had a distinct
greenish-gray color, although the hottest water was light
brown; there were very sharp gradients between the plumes
and the clear blue seawater of the neighboring nearshore
environment. The colored plumes typically extended a
kilometer or less offshore and more than a kilometer
alongshore depending on the nearshore currents. As detailed
below, this altered seawater had high levels of suspended
brown particles and, on several occasions, contained large
numbers of gelatinous zooplankton.

A surface "roil" of colder water, approximately 5-10 m
. in diameter, was also frequently observed a few tens of
meters from the shore. This feature is apparently the result
of entrainment of subsurface water by the upward motion of
water heated by submarine lava extrusions (Figure 3). This
interpretation is supported by the results of sampling a well
defined roil on March 1, 1991 (station "B," Figure 2f);
despite its proximity to water with temperatures >60°C, the
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plumes. For example, it was not uncommon for several lava
outbreaks to occur along kilometer-length stretches of
shoreline, with individual hydrothermal plumes emanating
from each outbreak.

The 1989 studies involved mapping of the hydrothermal
surface plumes using transects parallel and perpendicular to
the shoreline. The surface seawater temperature in the
Kupapau Point region on June 11, 1989, reflected the local
ized nature of the lava activity on that day; the maximum
surface water temperature recorded (38°C) was located
approximately 100m offshore of the shoreline lava flows

Figure 4. (continued)
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(Figure 2a). Vigorous underwater lava flows were also
observed by Scuba div8l"S below this point. In contrast,
sampling on July 16, 1989, showed surface seawater
temperature anomalies fronting a much longer stretch of
shore due to numerous nearshore lava flows (Figure 2b).

Seawater sampling on March 19-20, 1990, consisted of
discrete sample collection and thermistor temperature
profiling at four sites along a transect seaward from the
point of shoreline lava entry (Figure 2c). The plume
penetrated to a depth of 2-3 m and was clearly discernIble at
the most seaward station - 600 m offshore of the newly
formed lava bench (Figure 4a).

Sampling on June 13, 1990, utilized both ern casts and
discrete sample collection. The surface temperature distri
bution (Figure 2d) reflected the restricted extent of shoreline
lava activity on that day. The hydrothermal plume was
generally restricted to the upper 2 m of the water column
(Figure 4b), although the station immediately in front of the
shoreline lava activity ("A") displayed elevated temperatures
at greater depths due to the upwelling of heated water.

A plot of ern salinity versus temperature for this day
(Figure 5) shows the effects of low-salinity, elevated
temperature water entering the nearshore environment.
These inputs were presumably due to the heating and
subsequent release into the ocean of brackish inland waters.
This interpretation is supported by the preexistence of
brackish water ponds immediately landward of the shoreline
before this area was overrun by lava flows (Figure 2d), the
result of largescale fresh groundwater transport to the
Kalapana shoreline [Fischer et al., 1966]. Similarly, eTD
profiles collected at this site after the cessation of shoreline
volcanism indicate the presence of continued freshwater flow
to the ocean (Figure 6). Thus, although these freshwater
inputs to the ocean may have been restricted by the recent

35.0
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• After Lava Flow

34.5

34.0

27.526.525.5
33.5 ;----.--......-......,.---....,.----.,----.---.....,

24.5

Temperature,O C

Figure S. Salinity versus temperature of waters offshore of Kalapana on June 13 1990 (crosses), and
March I, 1991 (solid circles). June 1990 data were collected at O.5-s intervals during ern sampling of
the upper 19 m of the water column at the 19 locations indicated in Figure 2d. March 1991 data were
collected at two locations 15 m offshore of a newly formed black sand beach, 4 months after the end of
lava eruptions at this site. Lines are least squares linear regressions of the data.
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Temperatures were significantly higher offshore during
the high-flow Wahaula phase eruptions (Figure 4c). Temper
atures of up to 69°C were measured, and the thermal plume
extended farther than in previous samplings. Very apparent
at this time was the existence of an isolated "roil" of colder
seawater that emerged at the sea surface very close to the
shoreline (Figure 2f, inset), presumably due to the mech
anism shown in Figure 3.

Except when very windy or choppy conditions existed,
the perimeters of the heated surface plumes were usually
marked by the presence of foam lines separating the heated
greenish-brown plume from the distinctly cooler, blue
adjacent unaltered seawater; temperature gradients across
such fronts were up to several degrees Celsius. The foam
lines were generally 20-100 cm wide and 1-2 cm high,
although on occasion the lines were much more pronounced.
On March 20, 1990, foam lines up to -6 m wide and -5
cm high were observed, and samples of these were collect
ed, freeze-dried, and analyzed. The dried foam contained
only -0.7% carbon (grams per gram, as measured by a
Perkin-EImer model 2400 elemental analyzer); this fraction
had a o13C value of -22.0 (±0.1) per mil, indicative of a
marine planktonic source (H.-W. Yeh, personal communica
tion, 1991). No significant crystallographic character, aside
from that of NaCI, was observed by x ray diffraction
analysis (J. Tribble, personal communication, 1992).

Suspended Particles

b

8

light Attenuation, m-l

4 62

The production of particles from the interaction of molten
lava and seawater apparently results at Kilauea from two
processes: the fracturing of quenched lava to fonn black
sand and the creation of thin golden plates and shards from
the interaction of large volumes of stearn and molten lava.

10 The black sand is either moved by longshore currents to
L-..--''------'_--"'''_--L_---'-_--'- ...J-_~'''---' form black sand beaches or is transported downslope as

debris flows. The phreatically created golden particles result
in large, easily detected light attenuation anomalies in the
hydrothermal plume and, if injected to the atmosphere, can
form extensive subaerial deposits along the shoreline. An
extreme example of this occurred during the Wahaula phase
of the eruption (see "Description of Field Sites," above).

Vertical profiles of light attenuation illustrate the effects
of particle production associated with nearshore volcanism.
Figure 7a shows a profile measured immediately offshore of
diffuse shoreline flows on June 13, 1990. The light attenua
tion was enhanced in the plume, particularly in the upper
2-3 m of the water column, and a highly turbid surface layer
was seen in the waters just offshore of the shoreline flows
(station "A," Figure 2d). In contrast, a profile collected
offshore of the high-flow Wahaula lava entries on March I,
1991 (Figure 7b) showed anomalies to much greater depths
and over much larger distances. Particles collected from
surface seawater on this day were golden-brown in color and
reached concentrations of 65 mg L-I in the hottest portions
of the plume (Figure 8a); light attenuation anomalies in
these waters exceeded 11 m-I. In contrast, mid-ocean ridge
nonbuoyant hydrothermal plumes typically have light
attenuation anomalies of < 0.1 m-I and particle concentra
tions of <80 ",g L-' [e.g., Baker and Massoth, 1987;
Trocine and Trefry, 1988; Lupton et ai., 1993].

Suspended particle production can also result from the
mechanical abrasion of the recently fonned black sand
beaches, which results in distinct plumes which appear green

o

o

5

4

Figure 6. (a) Temperature, (b) salinity, and (c) light
attenuation anomaly versus depth at a station 15 m offshore
of a newly formed black sand beach at Kalapana. Data were
collected on March 1, 1991, 4 months after the end of lava
eruptions at this site. Solid and open symbols represent
replicate CTD casts.
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shoreline lava flows, they still had measurable effects on the
nearshore waters. Note that these results are in contrast to
the Surtsey observations, in which increases in salinity of up
to - 3 practical salinity unit (psu) were noted in seawater
near the lava-seawater contact, presumably due to seawater
evaporation [Stefansson, 1966].
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Figure 7. Light attenuation anomaly versus depth profUes
offshore of shoreline lava flows. (a) Offshore of Kalapana
on June 13, 1990; station locations A, B and C are shown
in Figure 2d. (b) Offshore of Wahaula on March 1, 1991;
station locations A, B, C and D are shown in Figure 2f.

Figure 8. (a) Suspended particle, (b) H2, (c) I;C02 , (d) Mo,
and (e) Si concentrations and (f) pH and (g) total alkalinity
versus seawater temperature anomaly for discrete surface
seawater samples collected on the following dates: June 11,
1989 (solid triangles); July 26, 1989 (solid squares); March
20, 1990 (open diamonds); September 23,1990 (solid
diamonds); September 24, 1990 (open squares); February 8,
1991 (open circles); and March 1, 1991 (solid circles).
Lines indicate least squares linear regressions with the
following slopes: particle concentration, 1.80 mg L'I 0C-I;
H2, 68 nM 0C-I (solid line, 1989 data), 163 nM 0C-I dashed
line, 1990 data); I;C02 , -0.0084 mM °C-I ; Mn, 5.7 nM °C'
1; Si, 0.44 pM 0C-I (dashed line, June 1989 and March
1991 data), 0.56 pM 0C-l (dotted line, February 1991 data),
1.6 pM 0C- l (solid line, other data); pH, -0.027 0C-l;
alkalinity, -0.026 meq L- I 0C-I.
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when observed from above. Just offshore of such a beach,
in a section of shoreline without active lava flows, light
attenuation versus depth (Figure 6c) was similar to the
profUes recorded offshore of lava flows. However, the plot
of temperature versus depth for this sampling (Figure 6a)
demonstrates that in this case particle production was not
associated with nearshore lava extrusions. Visual observa
tions of fUtered material indicate that these particles from
mechanical abrasion of black sand are opRque black in
appearance, in contrast to the translucent ~olden brown
particles found in the thennal plumes.

Large steaming rocks were also frequently observed
floating on the sea surface in this area. These rocks are
formed by inclusion of seawater into molten lava as the
latter is extruded. The seawater is vaporized instantly,
creating large steam-filled vesicles within the newly formed
rocks which supply the buoyancy needed to make the rocks
float. As the rocks cool, the water vapor condenses,
ambient seawater is drllWD into the vesicles, and the rocks
sink. The outer surfaces of these rocks are irregular and
have a scaly texture. The -average size of these rocks is
approximately 50 cm in length, with a diameter of - 20 cm
in the middle which tapers to < 10 cm at the ends. The

o 5 10 15 20 25 30 35 40 45
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Figure 8. (continued)

interior of such rocks is characterized by numerous glassy
vesicles which range in size from - 1 to 50 mm in diameter,
which make the rocks very fragile. Finally, the formation
of floating rocks can be quite prolific at shoreline lava
entries; on one occasion a 20 x 40 m black sand beach
adjacent to an entry was entirely covered with such rocks in
-15 min.

Plume Gas Geochemistry

Large numbers of gas bubbles were released to overlying
seawater during submarine volcanic activity, with some of
the bubbles reaching the sea surface. The major sources of
gas bubbles included the submarine contact of channelized
lava flows and pillow lavas with seawater, the discharge of
underwater hydrothermal jets, and explosions occurring at
the upper surface of the fluid lava flows [Sansone et al.,
1990]. These explosions are likely due to either the ignition
of H2 released during lava-seawater contact (see below) or
fuel-coolant interactions [Peckover et al., 197:>]. Divers
also observed large amounts of steam being produced at the
lava-seawater contact; the steam, however, was quenched
by the surrounding seawater within a few centimeters of the
lava [Sansone et al., 1990].

Gas bubbles collected at the seafloor were found to
contain approximately 18% H2 (voVvol), 20% O2, and 57%
N2 but only low levels of CO2 (5%) and CH. (60 ppmv)
(Table 2). The relatively high H2 composition of the
bubbles produced by submarine volcanism does not result

solely from the release of magmatic gas because the latter
has much lower levels of H2• For example, the composition
of magmatic gas released subaerially by Kilauea Volcano is
typically 0.1-1.5% H2 [Greenland, 1987]. We believe that
the H2 in the released bubbles and the sea surface plumes is
primarily due to lava-seawater reactions [Christie et al.,
1986]. Such processes are not restricted to liquid-solid
reactions; for example, ~ can be produced from the
reaction of steam with magnetite to form hematite at 700°C
at 1 aIm pressure [Deming, 1935]:

3Fe(s) + 4H20(g) -+ F~O.(s) + 4H2 (1)
AH = -34.3 kcaVmol.

~ formation from lava-seawater interactions is also consis
tent with the above-mentioned ventin& of magmatic volatiles
from erupting lava at Puu 00 before it is extruded at the
coast.

The dissolved ~ concentrations in the surface plume
reflected the elevated concentrations observed in the gas
bubbles; concentrations measured in discrete surface sea
water samples collected on three dates are plotted versus
water temperature anomaly (AT, defmed as the change in
temperature with respect to unaltered offshore seawater) in
Figure 8b. The plot shows a positive correlation with good
linearity (r = 0.95). A similar relationship between H2
concentration and temperature was measured in the surface
waters offshore of Kupapau Point on September 23, 1990,
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Table 2. Composition of Gas Bubble Samples Collected Immediately Above Submarine
Lava Flows at Kupapau Point

Sample

Gas #3 #7 #15 1f13 1f17 Mean

Nz 63.72 48.71 58.20 59.40 55.12 57.03

Oz 21.54 18.60 19.50 20.27 19.83 19.95

Hz 13.99 25.34 15.20 17.76 16.16 17.69

COz 1.07 7.98 5.01 1.61 9.34 5.00

CO 0.012 0.033 0.009 0.035 0.015 0.021

CIi. 0.006 0.006 0.004 0.006 0.007 0.006

Analyses by W. Evans and T. Lorenson, U.S. Geological Survey. Cz~, HzS, and He were not
detectable. Composition is given in volume percent.

13,565

using a continuously monitoring fuel cell hydrogen sensor
[Sansone, 1992]. Thus Hz should be a sensitive tracer for
hydrothermal plumes from upper ocean volcanism.

In contrast, CH. concentrations in the sea surface hydro
thermal plumes are not significantly greater than the low oM
levels typically found in nearshore Hawaiian waters [San
sone et al., 1991]. In addition, the low CH.levels observed
in bubbles released from submarine flows (Table 2) are
similar to those in Kilauea magmatic gas [Greenland, 1987;
Gerlach, 1980]. However, these observations likely reflect
the low CH. concentrations existing during rock-water
equilibria at elevated temperature and low pressure [Ger
lach, 1980]. This hypothesis would also explain the
significantly higher levels of CH. (50-1400 pM) observed in
deep-sea hydrothermal end member fluids (M.D. Lilley,
personal communication, 1991) [Welhan and Craig, 1983;
Lilley et al., 1983; Evans et al., 1988] because rock-water
equilibrium theory predicts that CH4 production would be
significant only under elevated hydrostatic pressures [Ger
lach, 1980]. Note, however, that Hz production decreases
with increasing pressure [Jakobsson and Oskarsson, 1988),
suggesting that CHiHz ratios may prove to be indicative of
the pressure of rock-water interactions (assuming constant
temperature). Consequently, in contrast to mid-ocean ridge
plumes [e.g., Lupton et al., 1993], CH4 is not likely to be
a useful tracer for upper ocean volcanism. For example,
although the CHiHz ratio is _lOz - 103 in ridge axis
hydrothermal vent fluids (M.D. Lilley, personal communica
tion, 1994), the ratio for the hypothetical "end member" of
the lava-seawater interactions we observed is -5 x 10'·
(derived by extrapolating the solid-line Hz regression in
Figure 8b to 11 pM at AT= 110', the boiling point of
seawater at the -21 m depth of the main lava-seawater
contact [Stoughton and Lietzke, 1967]).

The Nz/Ar ratio of the gas bubbles was 50.6 (standard
deviation = 3.3), as compared to 37.8 for gas dissolved in
35-psu seawater equilibrated with the atmosphere at 24°C
[Weiss, 1970]. In light of 'the -2-fold lower solubility of
Nz in seawater, the enhanced Nz/Ar ratio in the bubbles can
be explained by one or both of the following mechanisms:
(1) more dissolved Nz than Ar was removed from the

seawater during its boiling at the lava-seawater contact, and
(2) gas bubbles produced during boiling lost proportionally
less of their Nz content to the surrounding seawater during
their ascent through the seawater. The short distance of
bubble ascent before collection, typically <0.5 m, suggests
that the first mechanism may be more important.

As shown in Figure 8c, a decrease in ECOz was observed
with increasing temperature in the surface plume. The
depleted levels of EC~ observed in the surface plume are
in contrast to the elevated levels previously measured at
spreading center vent sites and at Macdonald Seamount
[Feely et al., 1990; Butterfield et al., 1990; Cheminie et aI.,
1991]. The decrease in ECOz with increasing temperature
may be the result of COz(aq) formation due to proton
releasing lava-seawater interactions (see below), with
subsequent loss of C~(aq) to the atmosphere either via
bubbles or direct transfer at the sea surface. This interpreta
tion is supported by a comparison of property versus J1T
plots (Figures 8b, 8c, and 8d) with corresponding property
versus Si plots (Figures 9a, 9b, and 9c); as will be dis
cussed in the following section, it appears that dissolved
gases and heat are actively lost to the atmosphere from the
heated surface plume, leading to increased scatter in the gas
data when plotted versus Si rather than J1T, particularly in
the hottest portions of the plumes (Figures 9a and 9b). Thus
it appears that Hz production during upper ocean direct lava
seawater interactions may result in large Hz fluxes to the
atmosphere, particularly in the case of shoreline flows where
generated gases can be released directly to the atmosphere.

Nongas Plume Geochemistry

Except for a marked increase in dissolved silica within the
surface seawater plume (55 pM, from a background of < 2
pM) (Figure 8e), there was not a significant change in
inorganic or organic nutrients in the plume from ambient
seawater levels (data not shown). In contrast, dissolved Mn
was significantly enriched in the plume (Figure 8d). Unlike
the linear relationships observed for dissolved Hz and ECOz
versus J1T (Figures 8b and 8c), the dissolved Mn and Si
versus J1T plots become increasingly nonlinear as tempera-
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In comparison, sea surface hydrothermal plumes associ
ated with the Surtsey eruption [Stefansson, 1966] had
dissolved Si concentrations of up to 120 pM, double the
highest levels we measured in the Hawaiian surface plumes.
Similarly, the Surtsey plumes had a mean Si/heat ratio of
0.86 nmol J.I (3.6 I-LM DC-I), compared to the ratios of 0.10
0.38 nmol ]"1 we have previously reported [Sansone et al.,
1991J. These values contrast with the much larger ratios
reported for vent fluids and plumes from spreading center
hydrothermal systems (see summary by Sansone et al.
[1991]). The latter are presumably due to the much longer
time of rock-water contact and the lower water-rock ratios
during hydrothermal circulation through the crust (see "Heat

25 and Mass Fluxes," below) and the enhanced solubility of Si
with increasing pressure [Von Damm et al., 1985J.

For contrast, an unheated particle-rich sea surface plume
associated with abrasion of a volcanically inactive black sand
beach NE of Kalapana was sampled on February 3, 1991.
The 28.2 pM Si concentration measured was greatly en
riched compared to offshore seawater on this day (3.7 pM)
and was even higher than the Si level measured in the hottest
portion of the nearby lava-heated plume (24.7 pM at 64DC).
Levels of N03+N02 and NH4 (2.5 and 3.2 pM, respect
ively) were also elevated in this plume compared to offshore
seawater (0.3 and 0.6 p.M), presumably reflecting the impact
of the groundwater fluxes to the nearshore environment (see
discussion in "Surface Plume Hydrography," above)•

A linear relationship was observed for pH versus ATover
a large range of temperatures in the heated surface plumes
(Figure 8f); similarly, total alkalinity was also negatively
correlated with AT, although data are available for only a
smaller range of temperatures (Figure 8g). These results are
likely due to proton-generating rock-seawater reactions
inferred by previous investigations [Von Damm et al., 1985;
Von Damm and Bischoff, 1987; Campbell et al., 1988]. In
addition, HCI-generating reactions have been hypothesized
to occur during the boiling of seawater at shoreline lava
entries (T.M. Gerlach, personal communication, 1991) and
may also be significant at points of submarine lava-seawater
contact.

Sulfide concentrations were ~ 0.7 pM (data not shown)
for 19 surface plume samples collected on February 2, 1991
over a AT range of 0-38 DC. The formation of sulfide in
hydrothermal systems has been partly attributed to the
reduction of seawater sulfate by the oxidation of Fe2+ to
Fe3+ [Von Damm et al., 1985]. The absence of sulfide from
our system (~ 0.7 pM) is probably attributable to (1) the
high water-rock ratios for this system, (2) competing
reactions for the oxidation of the Fe2+ to Fe3+ (formation of
~ gas, as mentioned above), and (3) the short water-rock
reaction time.
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ture increases (Figures. 8d and 8e). However, the highly
linear relationship of Si versus Mn (Figure 9c) suggests that
these species are conservative in the plume and that H2,

EC02, and heat are nonconservative in this surface seawater
system; the linear relationship between H2 and AT (Figure
8b) indicates that ~ and heat are undergoing similar losses
to the atmosphere. This effect would be expected to be most
pronounced at higher temperatures, a hypothesis supported
by the nonlinearity of Mn and Si versus AT in Figures 8d
and 8e.

Heat and Mass Fluxes

The maximum seawater temperature anomalies reported
here are somewhat larger than those measured at the Surtsey
eruption site, where Malmberg [1965] found a maximum
temperature anomaly of - 31 DC in surface seawater 2-3 m
from the lava-seawater interface. In contrast, we observed
a maximum AT of 43 DC during the 1991 Wahaula phase,
although anomalies in the range of only 2-20DC were seen
during sampling of preceding stages.

Heat fluxes to the ocean for the Kilauea eruption can be
estimated from the rate of lava input to the ocean. The total
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Table 3. Estimates of Heat and Mass Fluxes From Selected Ridge Axis Hydrothermal Systems and Hawaiian
Coastal Lava Flows

Heat Flux, H2 Flux, Mn Flux, Si Flux,
Site MW mmoVs mmoVs moVs References

Vent fields

Southern Cleft 230-930 100-300 5-15 Baker and Massoth [1986, 1987],
Segment Embly et al. [1994]

Northern Cleft 390-4,000 190-530 13-25 Baker et al. [1993], Baker [1994],
Segment Massoth et al. [1994], Embly et al.

[1994], Gendron et al. [1994]

Endeavor Segment 600-18,000 Baker and Massoth [1987],
Rosenberg et al. [1988], Schultz et
al. [1992J, Thompson et al. [1992]

Axial Volcano 800 Baker et al. [1990]

21 •N, East Pacific 220 20-360 58-220 1.4-4.8 Converse et al. [1984], Welhan
Rise' and Craig [1983], Lilley et al.

[1983], Campbell et aI. [1988]

Individual vents

Cleft Segment 0.1-10 Ginster et al. [1994]

Endeavor Segment 0.9-94 Ginster et al. [1994]

Typical mid-ocean 1.5 0.05-1.0 0.23-0.73 0.009-0.015 See footnoteb
ridge black smoker'·b

Hawaiian coastal lava 3,000-11,000 48-420 4. i-15 0.74-2.8 This work, Sansone et al.[1991]
flows

'Mass fluxes computed by multiplying vent field flow rate by ranges of vent-fluid end-member concentrations (see text).
b"Typical" flow rate is 640 g S'I (1 L S'I at 350°C, 250 bar; M. Mottl, personal communication, 1994). "Typical" end

member concentrations are H2 , 50-1000 J.lM (M.D. Lilley, personal communication, 1994); Mn, 360-1140 #lmol kg'l [Von
Damm, 1990]; Si, 14.3-22.3 mmol kg'l [Von Damm, 1990].

lava extrusion rate from Kilauea Volcano during mid-1989
was 2.5-3.0 X 1()5 m3d'·, with approximately 20-30% of the
lava entering the ocean at one or more locations [Kelly et
al., 1989]. Assuming a lava temperature of 1130°C (D.M.
Thomas, personal communication, 1990), a lava specific
heat of cooling of 3.8 J cm,3 deg'·, and a lava latent heat of
crystallization of 1000 J cm,3 [Yoder, 1976], this represents
a heat flux to the ocean of 3.0-5.4 OW. In April 1991,
when all of the erupted lava was entering the ocean at a total
flow rate of 1.8 X lOS m3 d'· (J. Kauahikaua, personal
communication, 1991), the heat flux to the ocean was 11
OW. These fluxes are similar to those estimated for ridge
axis hydrothermal vent fields (Table 3).

Using the relationships between temperature and concen
tration shown in Figures 8b, 8d and 8e, and the range of
heat fluxes to the ocean of 3.0-11 OW estimated above, a
range of H2, Mo, and Si fluxes of 48-420 mmol S,I, 4.1-15
mmol s'·, and 0.74-2.8 mol S,l, respectively, can be com
puted for the Kilauea lava entries. As shown in Table 3, the
~ flux is similar to the vent field ~ flux of 20-360 mmol
S,I that can be calculated by multiplying the range of end
member vent fluid ~ concentrations measured at 21°N
(230-1700 pM) by the estimated vent flow rate at this site
(150 ±60 kg H20 S,I). Similarly, using end member Mn
and Si concentration ranges of 640-1030 ,.unol kg'\ and 16
23 mmol kg'\, vent field Mn and Si fluxes of 58·220 mmol
s'· and 1.4-4.8 mol S,I, respectively, can be computed for

21 oN, which are also comparable to those estimated for the
Cleft Segment of the Juan de Fuca Ridge (Table 3). Thus
the Kilauea lava entries produce heat and mass inputs to the
ocean which are comparable to those from ridge crest vent
fields and are generally several orders of magnitude larger
than those from individual vents.

We have shown previously from a comparison of
mass/heat ratios of hydrothermal products that there are
distinct differences between Hawaiian surface plumes and
plumes from submarine hydrothermal systems [Sansone et
al., 1991]. The Mn/heat and Si/heat ratios for the surface
plumes were low despite the loss of heat from the surface
plume to the atmosphere, indicating thllt the hydrothermal
extraction efficiencies are relatively low in this system. This
effect likely results from the short contact time of seawater
with hot lava due to rapid quenching of the surface of lava
flows by overlying seawater. Thus the immediate transfer
of material to the overlying seawater due to rock-seawater
interactions is likely to be relatively small compared to that
associated with processes such as subsurface hydrothermal
circulation at ridge crests.

Nevertheless, despite these low initial extraction effi
ciencies, large events such as submarine flood basalts
[Davis, 1982; Coffin, 1992] might have significant effects on
seawater chemistry over long periods after the end of lava
extrusion: seawater intrusion into the cooling basalt, and the
resulting geothermally induced convection, would lead to the
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release of chemically altered porewater. Such conditions
could lead to large fluxes of dissolved constituents to the
overlying seawater, particularly in the case of thicker flows
which could remain at elevated temperatures for relatively
long periods of time.

Conclusions
A range of lava-seawater interactions was observed at

Kilauea Volcano. Although these varied over both space
and time, a number of consistent patterns are apparent.
These include (1) development of large, chemically altered,
particle-rich sea surface hydrothennal plumes, (2) production
of large amounts of H2, (3) establishment of low mass/heat
ratios in the plume, (4) formation of higWy acidic atmo
spheric steam plumes, and (5) nonconservative behavior of
temperature and ~ due to sea-to-air heat and mass transfer.
In addition, salinity was found to be nonconservative in
samples collected near points of shoreline groundwater
discharge, even after the original shoreline had been covered
by lava flows. •

It is likely that the chemical reactions associated with
direct lava-seawater contact are kinetically controlled, unlike
the equilibril1m-controHed processes generally observed in
spreading center hydrothermal systems [Von Damm et aI.,
1985; Von Damm and Bischoff, 1987J. Nevertheless, the
Kilauea heat and mass inputs to the ocean are comparable to
those from a ridge crest vent field.

Several lines of evidence suggest the importance of upper
ocean lava-seawater interactions. First, there have been
several recent reports of observations of hydrothermal
plumes at the sea surface resulting from extrusive volcanism
at seamount summits [Cheminee et al., 1991; Rubin and
Macdougall, 1989; McClelland et al., 1989], despite the
lack of concerted efforts to discover such events; this
suggests that shallow water lava-seawater interactions may
be more widespread than previously believed. Second, there
is evidence that large-scale lava-seawater interactions may
have occurred in the geological past during episodes of
continental flood basalt emplacement [Coffin, 1992J.
Moreover, due to the direct contact of the resulting hydro
thermal plumes with the atmosphere, such shallow water
hydrothermal activity is more likely to transport material to
the atmosphere than is hydrothermal activity in deeper water
and thus is likely to have a disproportionally large impact on
ocean-atmosphere mass balances. It is likely that Hawaiian
nearshore volcanism will be a useful model for predicting
the effects of direct lava-seawater interactions at such sites.
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