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Abstract

This is the first report of CO and CO; flux from Mt. Erebus, Antarctica, an alkaline intra-plate volcano with a
convecting lava lake. The CO; flux from the Mt. Erebus plume was measured by in-plume infrared analysis during
December 1997, December 1999 and January 2001. The CO, emission rates were consistently close to the average of
22.3 kg/s (1930 Mg/day) for the three measurements conducted over a 4-year period even though the third
measurement (January 2001) was conducted at a time of elevated activity. As CO; is considered a good indicator of
eruptive activity a more frequent type of monitoring system may be necessary to detect changes related to activity at
Mt. Erebus. Increased CO, emissions lost via Strombolian eruptions in the lava lake were not accounted for in our
airborne measurements. Carbon monoxide flux, determined by Fourier transform infrared spectroscopy in December
1995, yielded a rate of 1.74 kg/s (150 Mg/day) and a high CO:CO, ratio of 0.12.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction matic events, and even keeping the carbon cycle in
balance. However, the volcanic/magmatic input of

The emission rates of CO, from active volca- carbon species to the carbon cycle has yet to be

noes are not only important in assessing volcanic
hazards but are needed to understand the role of
magmatic CO; in the biogeochemical carbon cycle
(Brantley and Koepenick, 1995; Gerlach et al.,
1997). Volcanism has been credited with the for-
mation of our atmosphere, with causing past cli-
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accurately assessed (Gerlach, 1991a; Brantley and
Koepenick, 1995; Arthur, 2000; Morner and
Etiope, 2002). Quantifying the rate of CO, degas-
sing from magmatic activity has been the most
difficult problem in modeling the carbon geo-
chemical cycle (Berner and Lasaga, 1989; Wil-
liams et al., 1992; Brantley and Koepenick,
1995; Gerlach et al., 1997; Kerrick, 2001). To
acquire a better estimate of the contribution of
CO, from subaerial volcanism, it would be bene-
ficial to use direct measurements for degassing
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rates as much as possible in future carbon budget
estimates (Berner, 1990; Gerlach, 1991a).
Carbon dioxide is one of the more important
gas species for forecasting the eruptive activity of
a volcano (Giggenbach, 1983). It is the most
abundant gas phase after water in parental mag-
ma. Carbon dioxide is likely to be completely ex-
solved from its magma by the time it can be
monitored at the surface (Giggenbach, 1996).
Due to its low solubility in magma, efflux of
CO; can reflect changes deep within the system.
Therefore, an increase in volcanic CO, emissions
can be an early indicator of magma ascent (Bruno
et al., 2001). Carbon dioxide is considered a ‘con-
servative’ component in that any changes in rela-
tive proportions of other chemical species relative
to CO; actually reflect processes that are affecting
that species rather than the CO, (Giggenbach,
1996). Compared to the other volatile species in
magmas, CO; is less likely to be scrubbed out by
migration through groundwater systems, which is
another important aspect of a chemical indicator
(Symonds et al., 1994, 2001). Despite the signifi-
cance of CO; as an indicator for volcanic activity
or as a predictive tool, only a few flux measure-
ments have been reported (Harris and Rose, 1996).
Mt. Erebus, Antarctica, the southernmost ac-
tive volcano, is of particular interest due to its
potential effect on the pristine Antarctic environ-
ment. This intra-plate volcano is currently the
only known active volcano with anorthoclase
phonolite magma, and one of the few volcanoes
known to have a convecting persistent lava lake
(Kyle, 1994). This lava lake serves as an ‘open
window’ to the long-lived near-summit magma
reservoir (Aster et al., 2003) and is the source of
a persistent gas plume that is the focus of this
study. Because of the alkalic nature of the Erebus
magma, the emitted gases should be CO,-rich
(Gerlach, 1982; Williams et al., 1992). Further-
more, phonolite has been shown to maintain a
high CO, solubility at all temperatures in exper-
imental studies (Blank and Brooker, 1994). Mea-
surement of the CO, contents in melt inclusions
from olivine in the basanite (4000-7300 ppm)
which is considered parental to the Erebus pho-
nolite have some of the highest CO, concentra-
tions measured to date (Eschenbacher, 1998).

Mt. Etna in Italy is alkalic and was found to be
the highest CO,-producing volcano in the world
implying that alkalic volcanoes may, by nature,
all be high CO, producers (Gerlach, 1991a,b).
High CO; emission rates found at Mt. Etna (Ger-
lach, 1991b) and at Oldoinyo Lengai in Tanzania
(Koepenick et al., 1996) also suggested that intra-
plate degassing could be significantly large and
efforts should be made to represent the emissions
from this type of volcano in global geochemical
carbon cycle models (Gerlach, 1991a,b Koepenick
et al., 1996; Morner and Etiope, 2002). It was
therefore of much interest to make direct mea-
surements of CO, emissions from Mt. Erebus.

2. Methods

Carbon dioxide measurements were made with
a portable infrared CO; analyzer (model LI-COR
6262 made by LI-COR, Lincoln, NE, USA). The
LI-COR analyzer has a reported accuracy of
+1 umol/mol. The inlet hose for the analyzer
was attached to the horizontal antenna extending
from the front of an AS350 A-Star helicopter.
The antenna extends over 2 m in front of the
aircraft. Airborne sampling using an inlet on the
nose antenna of helicopters has been used rou-
tinely in other studies (Cofer et al., 1998). Sam-
pling is not affected by rotor downwash if the
aircraft is operated at speeds above 65 km/h (18
m/s) (Landgrebe et al., 1982; Cofer et al., 1990,
1998). Helicopter speeds in excess of 110 km/h (31
m/s) were used during airborne sampling at Mt.
Erebus. The sampling inlet hose was passed
through a side window to the back seat of the
aircraft where it was attached to the CO, ana-
lyzer. A flow controller unit was adjusted to
give a sample rate of 0.03 I/s (2 I/min). The ana-
lyzer was equipped with both temperature and
pressure transducers to adjust for changes in these
variables. The analyzer yielded real-time measure-
ments of CO; in umol/mol/ at 1-s intervals.

During plume measurements a pair of Trimble
4000 GPS receivers were used to provide location
data on the helicopter. A base station was located
at permanent GPS monuments located at Mc-
Murdo Station or the Lower Erebus Hut. The
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Fig. 1. The ladder technique is the flight path originating below the plume and making a transect across the plume perpendicular
to the wind direction. The aircraft will then move up, usually at 30-m intervals, and turn 180° and fly another transect through
the plume. This pattern is repeated until the top of the plume is reached. The goal is to obtain data to construct the CO, con-
centration in a cross-section or ‘thin slice’ of the plume. Theoretically, the ladder technique is designed to take numerous mea-
surements in a plane normal to the plume, but as the plume is moving, the plume is assumed to remain uniform during the mea-
surement period. It is the total CO; in this cross-section, multiplied by the wind speed that yields the CO, flux.

antenna for the roving unit was placed on the
dashboard inside the helicopter. Position data
were acquired at 1-s intervals and had an accura-
cy of less than 1 m.

A ‘ladder survey’ was conducted by flying the
helicopter at a constant speed in transects perpen-
dicular to the plume’s wind direction (Fig. 1). The
first transect began below the visible plume and in
each sequential transect the altitude was ~30 m
higher. Ten to 16 transects were usually required
to reach the top of the visible plume. The flight
pattern was performed ~1 km from the crater
rim. The procedures followed those reported by
Gerlach et al. (1997) and Koepenick et al. (1996).
Wind velocity was measured by flying the helicop-
ter at a constant velocity along the axis of the
plume in the downwind and upwind directions.
Wind speed was calculated from the difference
in ground speeds as reported by the GPS naviga-
tion system on the aircraft.

The 1-s CO, observations were coordinated
with and combined with the 1-s GPS position
data to produce a plot of the CO;, concentration
in the plume cross-section. The plots were made
using SURFER software (Golden Software,
Golden, CO, USA) with the Kriging algorithm.
After the background ambient CO, was sub-
tracted, the plume CO, flux was calculated by

multiplying the area of each contour by its corre-
sponding CO; concentration, and the sum of
these contour segments was then multiplied by
the wind speed. Ideal plume geometry, which is
dependent mainly on wind conditions, is needed
to perform the measurements. The most advanta-
geous factors include minimal cloud and low hu-
midity, so that the plume is visible, and moderate
wind speeds so the plume has good geometry
(Fig. 2A). Low wind conditions caused the plume
to disperse radially around the volcano so that a
linear plume was not formed. High wind speeds
sheared the plume so a turbulent flow caused the
plume to hug the ground making it impossible to
fly beneath the plume. Measurements were some-
times conducted under marginal atmospheric con-
ditions that resulted in poor plume geometry.
These resulted in cross-sections that did not ad-
equately capture the plume concentrations or the
data looked so diffuse that a plume structure
could not be singled out. On 9 January 2001,
wind conditions stagnated during the flight so
that the plume started rising upward and the
top of the plume was never reached, even at
4850 m. Poor plume geometry is the most com-
mon problem followed by poor data recovery
from instruments. The GPS unit would sometimes
have trouble regaining its full satellite lock after a



112 L.J. Wardell et al. | Journal of Volcanology and Geothermal Research 131 (2004) 109-121

S B M
4 ,/ / Lower Erebus Hut

O A

0 500 1000 m




L.J. Wardell et al. | Journal of Volcanology and Geothermal Research 131 (2004) 109-121 113

sharp turn by the helicopter. The most complete
plume cross-section was chosen from each of the
three seasons rather than incorporating data with
obvious deficiencies. Flux values were then calcu-
lated only after the poor cross-sections had been
rejected. The major contribution to uncertainty of
calculated flux is associated with determination of
the wind speed and identifying the background
CO; levels. Other sources of uncertainty such as
from instrumentation, data processing, atmo-
spheric effects, pilot skill, etc., were considered
to be significantly smaller than the major error
sources. The standard errors determined by Ger-
lach et al. (1997) also assumed that uncertainty
from sources such as instrumentation was trivial
compared to the natural variances.

Carbon monoxide measurements were per-
formed using Fourier transform infrared (FTIR)
techniques during 9, 13 and 14 December 1995 at
the crater rim of Mt. Erebus (Wardell et al.,
1999). Spectra were collected with a Midac
M2401-C spectrometer mounted to a Midac 10"
collection telescope (MIDAC Corporation, Costa
Mesa, CA, USA). Source radiation was provided
by a Midac field source assembly incorporating a
SiC glower. Dual-beam absorbance spectra were
created by arbitrarily choosing a single-beam
spectrum as a background with all other spectra
collected over the same path then used as sample
spectra. The files displaying the least amount of
spectral contributions from the volcanic plume
were used as backgrounds. The spectral signatures
of CO and SO, were quantitatively measured via
comparison to reference spectra from a commer-
cial spectral library (QASOFT by Infrared Anal-
ysis, Anaheim, CA, USA). The FTIR system was
operated over path lengths of approximately 200
m and provided spectral response between ap-
proximately 650 and 3500 cm™!. The relative lev-
els of the analytes were calculated and reported as
a CO:S0O; ratio. The CO flux is then calculated by

the corresponding SO, flux measured by a corre-
lation spectrometer (COSPEC, Barringer Re-
search, Mississauga, ON, Canada).

3. Results

The volcanic gas plume flowed predominately
to the east for the majority of the plume flights
(Fig. 2B). The 1997 measurement (Fig. 3A) yields
a plume concentration cross-section that shows
some atmospheric mixing with a large hole ap-
pearing in the center. Small portions of the plume
appear to have escaped the cross-section that par-
tially spanned an area of 1000 X 300 m. Maximum
concentrations in the plume reached 25 ppm CO,
above ambient with a wind speed of 3.1 m/s. The
1999 measurement (Fig. 3B) showed that a more
uniform cross-section was formed with a lower
wind speed. Plume dimensions reached approxi-
mately 800X 300 m, with the highest CO, concen-
trations reaching 25 ppm above ambient.
Although this plume had the lowest wind speed
(2.0 m/s), it exhibited the largest average CO,
concentration from being more uniform and
thus yielding a comparable flux value to the other
plume measurements. The 1999 plume showed
good geometry even though a portion of the
plume appeared to have escaped measurement
on one end (Fig. 3B). The 2001 plume measure-
ment shows a flat elongated cross-section (Fig.
3C) due to higher wind speeds (6.7 m/s). The
plume covers about 2000X200 m and was the
only plume measurement that captured the whole
plume in the cross-section. The highest concentra-
tion was 29 ppm CO; above ambient but is over-
all a more dilute plume. This plume also main-
tained good geometric integrity unlike the 1997
plume that showed non-uniform atmospheric mix-
ing.

Results show similar CO, emissions of 21.4,

Fig. 2. (A) Photograph of the summit of Mt. Erebus and the gas plume. This is a view of the summit as seen from Lower Ere-
bus Hut, looking south, in December 1999. The plume is traveling easterly, in the predominant plume direction as indicated in
(B). Low wind conditions allow the plume to rise above the crater before moving in the easterly direction. (B) Summit map of
Mt. Erebus, Antarctica. The shaded area indicates the predominate location of the plume. The location of the perpendicular

flight transects is also indicated.
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Fig. 3. (A) Cross-section of CO, concentration in Mt. Erebus plume measured normal to its westward direction on 18 December,
1997. Wind speed was measured to be 3.1 m/s with 16 transects used to accumulate the data set. This cross-section yields a CO,
flux of 21.4 kg/s. (B) Cross-section of Mt. Erebus plume measured on 17 December 1999. This plume exhibited a lower wind
speed of 2.0 m/s allowing the formation of a taller cross-section but yielding a similar CO;, flux to the other two measurements.
The CO, flux calculated from this cross-section is 23.3 kg/s. (C) Cross-section of Mt. Erebus plume measured on 16 January
2001. This plume exhibited the highest wind speed of 6.7 m/s, giving it a flatter configuration. The calculated flux is 22.2 kg/s.

23.3, and 22.2 kg/s for measurements conducted
on 18 December 1997, 17 December 1999 and 16
January 2001, with respective wind speeds of 3.1,
2.0 and 6.7 m/s (Table 1). The average value for
the three measurements is 22.3+£1.0 kg/s. The
measurements agree within 4.3% based on the
standard deviation expressed as percent of the
mean and suggest a constant emission rate for
Mt. Erebus during December 1997 through Jan-
uary 2001. Propagation error was calculated to be
+23%. The estimated errors used to calculate the
propagation error include a 5% error for the CO,
concentration of each contour, 10% for calculated

areas within the plume cross-section, and 20% for
the measured wind speed during the airborne
measurements.

Results from the FTIR measurements (Decem-
ber 1995) yield a range for the CO:SO; molar
ratio from 2.51 to 3.28 (Table 2) with an average
of 2.96. Using corresponding SO, flux from Mt.
Erebus as measured by COSPEC of 0.58 kg/s (50
Mg/day) (Philip Kyle, unpublished data), the CO
flux is 1.74 kg/s (150 Mg/day). The overall stan-
dard deviation from the average of the sample
sets (column 4, Table 2) expressed as a percent
of the mean is 10.9%.



Table 1

Data from the direct airborne measurement sessions at Mt. Erebus

Background CO,; flux

CO,

Wind speed Max CO,

Wind

Flight time

Min/max

elevation

(m)

GPS base
station

Flight session Number of  Aircraft

direction

)

speed

(m/s)

31

passes

(kg/s)

(ppm)
392
380
350

(ppm)
425
405
375

(m/s)
3.1

(min)

21.4 (1850 tons/day)

086
081
099

3930/4270
4080/4710
3870/4180

EH
EH

L
L

12
16
14

18 Dec 1997
17 Dec 1999
16 Jan 2001
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23.3 (2013 tons/day)

56

36
36

22.2 (1915 tons/day)

6.7

21

McM

The number of passes refers to the airborne transects normal to the plume at varying elevations. Flight time is the total time required to complete the total number
of passes for that session. The flight time is dependent on the number of passes, plume geometry, atmospheric conditions and pilot experience. LEH refers to the

GPS station location at the base camp known as Lower Erebus Hut and McM is located at McMurdo Station, Antarctica.

4. Discussion

Results from Mt. Erebus fortunately spanned a
phase of activity that was considered typically
stable to a stage of elevated activity. Measure-
ments of CO, flux from Mt. Erebus varied little
in magnitude over the December 1997-January
2001 study period. For several years prior to
1997 and through 1999, Mt. Erebus had exhibited
steady and constant activity consisting of a per-
sistent gas plume exiting from the lava lake in the
Main Crater and several small Strombolian erup-
tions per day, thus the CO, emission rate was
expected to remain stable. Months before the Jan-
uary 2001 measurement, activity at Mt. Erebus
increased and changes in eruption intensity and
frequency were observed during the December
2000—-January 2001 field season. In addition, var-
iation in the lava lake levels resulting in lava flows
of tens of meters was also observed, as well as the
formation of a new lava pond and formation of
an ash vent (Wardell et al., submitted). Unusual
plume characteristics were occasionally observed
that season and included small dark ash clouds in
the plume as well as a puffing behavior. Unusual
episodes of harmonic tremor were recorded (Ruiz
et al.,, 2002), and tiltmeter data correlated tilt
changes with a rise in the lava lake levels (Kyle
et al., 2001) suggesting that there was recharge
into the inner crater system from a larger under-
lying magma reservoir (Aster et al., 2003). Mon-
itoring of trace element emissions showed a
change in As:S in 2000 compared to previous
seasons of 1997 and 1999, suggesting a correlation
with activity (Wardell et al., submitted). However,
CO; plume flux measured on 16 January 2001 was
similar to the two earlier measurements in 1997
and 1999 and did not reflect this change in activ-
ity.

As CO; should be a good indicator of eruptive
activity, it is possible that emissions could be
changing intermittently without being detected
by a single biennial sampling event. During the
airborne measurement of the CO, flux on 16 Jan-
uary 2001, a puff of gas was observed exiting the
main crater and traveled along the plume’s axis.
We traversed through the puff with our instru-
mentation and observed the highest anomalous



116 L.J. Wardell et al. | Journal of Volcanology and Geothermal Research 131 (2004) 109-121

Table 2

The CO:SO; molar ratios from 1995 open-path FTIR measurements of Mt. Erebus

Day (1995) Time period monitored Number of data points Average of sample set Standard deviation
Dec 9 16:26 to 17:50 61 2.51 0.31
Dec 9 21:01 to 22:07 42 2.74 0.28
Dec 13 11:30 to 11:39 10 3.28 0.27
Dec 13 15:14 to 16:35 21 3.15 0.53
Dec 14 15:43 to 16:28 15 3.12 0.23

value within the plume to be 102 ppm CO; above
background. This compares to our highest value
of 28 ppm CO, above background for all other
plume measurements that we performed on Mt.
Erebus over the three seasons. The flux within the
puff was not quantified as we were only able to
accomplish this one traverse before the puff dis-
sipated into the plume and could no longer be
visually located. The traverse was repeated so
the cross-section would not be affected by this
anomaly. Therefore, it is likely that CO, fluxes

Strombolian Eruptions

Lava Lake

Heat/Gas/Eruption Flux
Seismoacoustic Source 5" Yent

were elevated with increased puffing and bubble
bursting in the lava lake.

The configuration of the degassing system may
also give insight into why the CO, emission rate
appears stable. The lava lake eruption model pro-
posed by Aster et al. (2003) suggests that large
slugs of gas are formed in a summit magma res-
ervoir before they ascend to the surface of the
lava lake, resulting in a Strombolian-style erup-
tion (Fig. 4). The injection of fresh magma into
the summit reservoir may not have been large
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Fig. 4. Conceptual model of the Erebus summit magmatic system taken from Aster et al. (2003). The Inner Crater is underlain
by a near-summit magma reservoir of comparable dimension. The differing character for the three presently active vents, which
are linked to the summit magma reservoir at shallow depths, is modulated by the geometry of the shallow magmatic plumbing
system. Lava lake explosions arise from the intact delivery of large (> 5 m diameter) simple gas slugs via the lava lake vent.
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enough to change the CO, flux contributed by
outgassing via convection through the lava lake.
However, additional CO; loss through expulsion
of volcanic gases via gas slug formation and bub-
ble bursting in the lava lake may have increased
during this period of elevated activity inside the
main crater. Therefore increases in eruptive activ-
ity may coincide with intermittent increases in
CO, emissions via gas bubble formation and the
gases from these slugs are not accounted for in
our measuring technique, if the overall CO, efflux
is indeed changing. Intermittent increases in CO,
emissions were observed at Popocatepetl with
short-lived (0.5-3.0 h) elevations in the CO,:SO,,
rising to 30 times the normal ratio (Goff et al.,
2001). Goff et al. (2001) suspect that this intermit-
tent behavior may be occurring at other sites,
particularly volcanoes that are underlain by car-
bonate.

The overall stability of the CO, flux as sug-
gested by our airborne measurements may result
from continuous degassing occurring deep (> 13
km) within the system and not from the shallow
magma chamber. Melt inclusion work by Eschen-
bacher (1998) found that a CO;-rich fluid (~90
mol%) is degassed from basanite parent magmas
at pressures corresponding to depths of 8-13 km
and that the theoretical CO; flux is much smaller
than what was observed with the airborne mea-
surements. Although such excesses in observed
volatile flux can occur through magma convection
in a conduit (Kazahaya et al., 1994) as exists at
Mt. Erebus, Eschenbacher (1998) found this to be
unlikely and attributes the source of excess CO,
emission to be from basanite magma at depths in
the system beyond what is recorded by the melt
inclusions (~4.5 kbar) and suggests the possibil-
ity of a separate CO,-rich fluid phase emanating
from below 13 km in this open system. This may
possibly explain why the measured CO, flux from
Mt. Erebus did not change even though there was
increased activity in the shallow part of the sys-
tem.

In general, sources of error in the airborne mea-
surements of CO, in volcanic plumes tend to re-
sult in underestimation of the actual flux. Gerlach
et al. (1997) noted that in the time of 0.5-1.5 h
needed to perform the measurements, the plume

conditions could change significantly. Measure-
ments on Mt. Erebus normally required 20-60
min and on occasion the plume configuration
did change in this time frame. Another source
of error is from the difficulty in resolving the
small concentrations of volcanic CO, against
high ambient CO, on the margins of the plume
that result from lateral spreading and dispersion.
This is likely to result in an underestimate of the
true flux (Gerlach et al., 1997). The contour plots
(Fig. 3A-C) also reveal that small sections of the
plume may have escaped measurement that may
contribute to the deficiency in the total flux. Koe-
penick et al. (1996) concluded that CO, fluxes
based on anomalies <10 ppm could be underes-
timating the flux by a factor of 2 when using this
method. Although the highest readings for the
Mt. Erebus cross-sections are above 20 ppm, the
average generated across the entire plume cross-
section (as done by Koepenick et al., 1996) would
be less than 10 ppm for the measurements. Car-
bon dioxide concentrations measured in the
plume of Popocatépetl, Mexico have been addi-
tionally decreased due to dilution by the water
vapor in the plume, but the magnitude of this
effect is not known (Gerlach et al., 1997). The
largest source of error comes from the uncertainty
in wind speed (Koepenick et al., 1996; Gerlach et
al., 1997; Wardell et al., 2001).

The airborne technique has proven to be an
effective method of determining CO; flux in vol-
canic plumes following evaluations by both Koe-
penick et al. (1996) and Gerlach et al. (1997).
Koepenick et al. (1996) reported the accuracy of
this technique of measuring CO; flux to be within
+10% when evaluated at 1 and 2 km distance
from a coal-burning power plant with a known
emission rate. Gerlach et al. (1997) estimated the
error to be at *20% for a 95% confidence interval
for their similar measurements at Popocatepetl,
Mexico. Carbon dioxide flux measurements at
White Island volcano, New Zealand, using the
same analyzer and procedure as at Mt. Erebus,
found that two measurements taken on the same
day agreed within 3% (Wardell et al., 2001). Esti-
mated errors are assumed to be similar to those
reported by Gerlach et al. (1997) and Koepenick
et al. (1996) as the same equipment (differential
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GPS and LI-COR analyzer) and similar tech-
niques (contouring with SURFER) were used.
The error of *10% reported by Koepenick et
al. (1996) is especially valuable as it is a direct
measurement of the error rather than a calcula-
tion. Koepenick et al. (1996) estimated propaga-
tion error of their measurements at Oldoinyo Len-
gai to be *30%. Our propagation error of *23%
was slightly lower as the Oldoinyo Lengai study
used a *2c average for the CO, concentration
over the entire plume cross-section, and we chose
to sum the individual contours corresponding to a
2 ppm CO; increase. All three values reported for
Mt. Erebus agreed within an error range of 10%,
suggesting that the background CO,; flux for Mt.
Erebus was similar during our surveys. Direct air-
borne measurement techniques, such as the one
employed in this study, are costly and time-con-
suming. However, until remote sensing techniques
are further developed, direct measurements are
needed to provide CO, flux data and will also
assist in validating the remote methods under de-
velopment (Gerlach et al., 1997). Other methods
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of monitoring are also needed to be able to quan-
tify the increased CO, flux resulting from the
Strombolian-style eruptions crated by the bubble
bursts in the lava lake.

Diffuse flank degassing can sometimes provide
insight into the subsurface characteristics of a
magmatic system. The environmental conditions
at Mt. Erebus are exceptional in that, due to the
extreme cold, diffuse degassing on the flanks of
the volcano is visible in the forms of steaming
warm ground and fumarolic ice towers. Contribu-
tion by flank degassing was estimated to be only
< 2% of the emission measured in the plume at
Mt. Erebus (Wardell et al., 2003) although it has
been found to be a significant contributor of vol-
canic CO;, on other volcanoes such as Mt. Etna
(Allard et al., 1991), Kilauea (Gerlach and Graeb-
er, 1985) and Vulcano (Chiodini et al., 1996). At
Oldoinyo Lengai volcano, Tanzania, the small
contribution of flank degassing ( <2%) suggested
a small magma chamber or the lack of a hydro-
geologic system (Koepenick et al., 1996). Similar
conditions may exist at Mt. Erebus with the mod-

Table 3
Summary of CO,:CO molar ratios and Alog f O, data from selected volcanoes
Hot spot CO, CO CO:CO, 1O, Temperature Alog fO,
(mol%) (mol%) (bar) (°O)
Intra-plate
Kilauea summit lake 33.36 1.07 0.03 —9.02 1135 0.07
Kilauea east rift 3.45 0.065 0.02 —10.87 983.5 0.37
Etna 25.51 0.535 0.02 —9.47 1075 0.41
Surtsey 5.5 0.38 0.07 —9.47 1125 —0.25
Ardoukoba 3.71 0.155 0.04 —10.17 1070 —0.22
Nyiragongo 42.45 243 0.06 —11.85 990 —0.71
Erta’ Ale 14.9 0.635 0.04 —9.67 1103 —0.17
Erebus 0.12 —12.2 1000 —1.22
Convergent plate
St. Augustine 1.57 0.0113 0.0072 —15 711.5 1.76
St. Helens 3914 0.031 0.0079 —15.51 732.5 0.71
Showa-Shinzan 0.61 0.00645 0.0106 —14.01 801.5 0.61
Usu 2.169 0.00396 0.0018 —16.83 667 1.13
Momotombo 1.46 0.0056 0.0038 —15.04 739 1.02
Poas 0.7632 0.0066 0.0086 —10.09 1002.5 0.85
Merapi 5.41 0.09 0.0166 —13.68 841 0.11

The data, except for Mt. Erebus, are taken from Symonds et al. (1994) with only the median values being reported. Data are
limited to this source as it is from quenched, restored, equilibrium values from high-temperature gas samples of consistent qual-
ity. The O, for Mt. Erebus is from Kyle (1977), which was determined petrologically but assumed comparable to the other equi-
librium values shown here, and the gas concentrations were taken from plume flux values in this work. The Alog fO; is the devi-
ation of the reported log fO, from the FMQ buffer (Frost, 1991).



L.J. Wardell et al. | Journal of Volcanology and Geothermal Research 131 (2004) 109-121 119

el of a small summit reservoir (Aster et al., 2003)
and absence of a hydrogeologic system (Wardell
et al., 2003).

Carbon monoxide measurements by FTIR in-
dicate that Mt. Erebus emits high levels of CO in
the plume as illustrated by the high CO:CO, ratio
(Table 3). However, since CO, values were not
obtained by FTIR as it was for CO in 1995, the
ratio is based using the average CO; flux obtained
between 1997 and 2001. For Mt. Erebus, the high
CO:CO; ratio is likely due, in part, to the low
oxygen fugacity (fO,) exhibited by the gas. Since
fO, is highly dependent on temperature, it is dif-
ficult to directly compare the fO, for Mt. Erebus
with reported fO, values in Table 3 that corre-
spond to various temperatures. Therefore, by nor-
malizing the fO, to the FMQ buffer (Alog fO,),
the fO, values can be compared without regard to
the variety in temperatures (Frost, 1991). These
calculated values are found in the last column of
Table 3. The Alog fO, for Mt. Erebus (—1.22) is
significantly greater than values for the other vol-
canoes listed in Table 3 and indicates a highly
reduced system. This is further illustrated by plot-
ting the Alog fO; versus the CO:CO, ratios (Fig.

2 A 4 Hot Spot/Intraplate
o Erebus
1.5 + O Convergent
1
Q 05 -
S
e 04 °
T *
-0.5 A
*
-1 4
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0 0.05 0.1 0.15
CO/CO:

Fig. 5. The plot of the Alog fO, versus the CO:CO, ratios.
The data are also presented in Table 3. The hot spot/intra-
plate volcanoes exhibit a trend distinct from the convergent
plate volcanoes. Mt. Erebus, with its high CO flux, plots at
the end of the hot spot/intra-plate trend.

5). Two distinct trends are established by the two
volcanic groups, illustrating the general difference
in their oxidative environments. For the hot spot/
intra-plate volcanoes, Mt. Erebus supports this
trend but exhibits the most reduced environment
of the data set. It is the high CO flux from Mt.
Erebus that corresponds to the low fO, (and Alog

f0»).

5. Conclusion

The flux of CO, from Mt. Erebus was not
found to be as exceptionally high as that found
at Mt. Etna, despite the general similarities of
their alkalic nature and intra-plate characteristics.
Although indicators such as high CO;, in melt
inclusions and high CO flux would also suggest
the potential for an exceptionally high CO, flux,
the CO, emission rate for Mt. Erebus is more
comparable to other active volcanoes such as Re-
doubt, Alaska and White Island, New Zealand.
Although CO; is considered a strong geochemical
indicator of eruptive activity, few studies presently
exist, and multi-year studies of CO, flux are rare.
The three direct airborne measurements spanning
a 4-year period suggest a background emission
rate of 22.3 kg/s (1930 Mg/day) despite the ob-
served increase in activity during the 2000 moni-
toring period. Any increased CO; emissions lost
via Strombolian explosions in the lava lake due to
surfacing of gas slugs could not be accounted for
in our airborne measurements. Degassing of CO,
from deep within the system is likely the control-
ling factor for maintaining the consistent level of
the measured CO, flux at Mt. Erebus.
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