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1996), and infrasonic monitoring (Braun and Ripepe,
1993, etc.), the clustering of the broadband recordings
of events by cross-correlation analysis provides a valu-
able tool for developing and testing physical models of
the near surface volcanic system operating at Strom-
boli, and other multi-vent systems. An automated cross
correlation cluster procedure provides a mechanism for
the analyses of massive continuously recorded datasets
where handpicking may be onerous.
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We are assembling a relational database of infor-
mation on past eruptions of the Mono-Inyo volcanic
chain, eastern California. The most fundamental tables
within the database contain information on locations at
which pits were dug through the volcanic stratigraphy,
or at which data were collected on a dome or lava flow.
The locations include both those at which new data
were collected as well as those in the literature.

Our working hypothesis is that the database will
prove useful for unraveling the complex recent vol-
canic history of the Mono-Inyo chain. The chain con-
sists of an assortment of domes, craters and flows that
stretches for 50 km north-south, subparallel to the Sier-
ran range front fault system. Almost all eruptions
within the chain probably occurred less than 50,000
years ago. Because of the variety of magma and erup-
tion types, and the migration of source regions in time
and space, it is nontrivial to discern patterns of be-
haviour.

The database allows us to extract the features di-
agnostic of particular tephra layers, domes or flows.
The diagnostic features include depth in the section,
layer thickness and internal stratigraphy, mineral as-
semblage, major and trace element composition, tephra
componentry and granulometry, and radiocarbon age.

At the present time, the database can be queried to
show all layers of a particular depth, composition, age,
etc., using standard statements of the Structured Query
Language (SQL). Our goal is to automate the query
and report process so that all location data can be
queried simultaneously to produce derived tables con-
taining maximum likelihood estimates of vent location,
eruption type and eruption age. By statistical analy-
sis of the information in the derived tables, we may be
able to produce estimates of future vent locations and
times of eruption.

URL: http://www.volcano.buffalo.edu/mmvz
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Volcanic ashclouds pose increasing hazards to air
traffic. To enable accurate detection, tracking, and ul-
timately nowcasting (ie. near-real-time tracking and
short-term forecasting), it is becoming increasingly im-
portant to be able to retrieve, in addition to informa-
tion on SO2 (and aerosols) and ash (ice) mass, and ash
(ice) size, key information such as cloud peak height,
average height and height of the leading cloud edge,
intensity changes, lateral and downwind spreading,
ash/gas separation, evidence of microphysical changes
(eg. mixed-phase aggregation), duration and cloud
thickness. Here, we have systematically examined radar
data and satellite data from a variety of sensors in com-
bination with field and meteorological information (eg.
balloon soundings) for a number of ashclouds covering
a large range of spatial and temporal scales, as well
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as a large range of eruption intensity and meteorolog-
ical conditions. We illustrate that the analysis of de-
tailed surface features such as the overshoot geometry,
cloud top gravity waves and cloud top or cloud edge
Kelvin-Helmholz (K-H) shear billows can supply key
additional information, compared to previous studies.
We document that the overshoot size allows extraction
of an independent estimate of cloud-top average height,
that the number and characteristics of gravity waves
allow to derive another independent estimate of col-
umn height as well as information on the height differ-
ence between peak and neutral buoyancy heights (Ht-
Hb). These estimates are compared with estimates of
cloud edge height extracted using the shadow method
and also comparisons with wind profiles data, and also
lead to the identification of ash/gas separation in some
cases. The gravity waves can be understood by analogy
with fluid mechanics modelling of mixed region collapse
in a stratified fluid. Conditions for the development of
K-H billows are also considered and we show how they
can be used to identify the transition from the gravity-
advection flow phase and the advection-diffusion phase
of spreading. We also discuss their potential use in
deriving ashcloud thickness from the quasi-2D satellite
images. This, together with the information from ash-
gas separation and gravity waves, enables to extract
3D information from quasi-2D satellite images. Impli-
cations of this work for generic understanding of pro-
cesses in ashclouds and for aircraft safety are briefly
discussed.
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While the effects on the global environment of large
volcanic eruptions have been frequently studied, there
has been little work on the impact of lower tropospheric
emissions from persistently degassing volcanoes. In
contrast to large volcanic eruptions which may have a
short term but hemispheric/global effect (through in-
jection of gas and ash into the stratosphere), persis-
tently degassing volcanoes can have significant long-
term (years to decades), local and regional effects. To
examine these effects, we consider 3 persistently ac-
tive degassing systems: Kilauea (USA), Poas (Costa
Rica) and Masaya (Nicaragua). These volcanoes are
characterized by SOg emission rates ranging from 100s
to 1000s metric tonnes per day, and have emitted acid
gases into the troposphere for extended periods of time.
Masaya, for example, has degassed approximately the
same amount of SOg (21 Tg) over a period of 140 years
as the 1991 eruption of Mount Pinatubo injected into
the atmosphere in just a few hours. The extended de-
gassing at Kilauea, Masaya and Pods impacts on com-
mercial agriculture and has led to attempts to mechan-
ically mitigate the hazard through capping of the ac-
tive crater at Masaya and flooding to reinstate the acid
crater lake at Pods. In order to investigate the environ-
mental effects of persistent degassing, we use remote
sensing data (Landsat ETM+, IKONOS) with NDVI
band ratio algorithms to delineate poorly vegetated ar-
eas downwind of each volcano. These data are incor-
porated, through a GIS, with DEM and various ground
truth data (soil pH, dry deposition rates, precipitation
acidity, etc). Extremely distinct zones of vegetation
kill off are noted that correlate with changes in topog-
raphy. It appears that sharp topographic changes allow
the gas plume to decouple or couple with the ground,
hence lessening or increasing its impact at any down
wind location. This integrated study of degassing at
persistently active volcanoes may aide in limiting the
effects on human populations and agriculture down-
wind of such systems through improved land use man-
agement.
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Volcanic activity at Tenerife is mainly concentrated
along three major volcanic rift-zones of NE-SW, NW-
SE, and N-S directions as well as in the central part of
the island where the Teide stratovolcano located. The
goal of this study is to evaluate diffuse COg and Ho
degassing through the N-S volcanic rift-zone and com-
pare these results with those observed for the NE and
NW rift-zones.

Surface degassing surveys were performed along the
NW and NE rift-zones during the summer of 2000 and
2001, respectively. From July 18 to August 16, 2002, a
new survey was performed along the N-S rift-zone cov-
ering an area of 352 Km?2. Soil COgq efflux reached val-
ues up to 44 gm_2d_1A Soil gas samples were collected
at a 40 cm depth to estimate soil Hg efflux by means of
multiplying Ho /COg ratio times soil COqg efflux. Soil
Hgq efflux reached values up to 25 mgm ~2d 1. The to-
tal output of diffuse degassing rate from the study area
was estimated about 412 td~ 1 for COg and 290 Kgd 1
for Hy. The NW rift-zone surface degassing survey cov-
ered an area of 72 Km?2 and showed rates of 283 td 1
and 74 Kgd_l for diffuse COg and Hg degassing, re-
spectively. The NE rift-zone degassing survey covered
an area of 210 Km? and showed rates of 685 td ! for
COg and 65 Kgd 1 for Ho. If surface degassing rates
are normalized by areas in order to compare these re-
sults among the major Tenerife’s rift-zones, similar dif-
fuse COqg degassing rates are osberved for the NW and
NE rift-zones, but they are three times higher than the
osberved for N-S rift-zone. In the case of Hg, similar
diffuse Hg degassing rates are osberved for the NW and
N-S rift-zones, but they are three times higher than the
observed for NE rift-zone. These results suggest that a
shallower hydrotermal system is affecting more the NW
than the others major rift-zones at Tenerife island.

URL: http://www.iter.es
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La Palma (730 K1n2) is the northwestern most is-
land of the Canarian archipelago. Cumbre Vieja (<1
Ma) is situated in the southern part of La Palma, and is
the most active basaltic volcano in the Canaries where
the most recent eruption occurred in 1971, Teneguia
volcano. The main structural features of Cumbre Vieja
(220 Km?2) are three major volcanic rift-zones of N-S,
NE, and NW orientations. Diffuse COg degassing stud-
ies is becoming a useful geochemical tool for volcano
monitoring (Hernandez et al., 2001). Since (1) helium
is an ideal geochemical indicator because it is chemi-
cally inert, physically stable, sparingly soluble in water
under ambient conditions and almost non-adsorbable,
and (2) helium-3 is the best fingerprint for magmatic
activity and reach levels up to 9.6 Ra at La Palma
(Perez et al., 1994), the goal of this study is evaluate
the use of diffuse helium emission for volcano monitor-
ing of Cumbre Vieja.

Diffuse degassing survey of 619 sampling sites was
carried out from July 19 to August 13, 2002, at Cum-
bre Vieja volcano. Soil COg efflux measurements were
performed by means of a portable NDIR sensor and ac-
cording to the accumulation chamber method. At each
sampling site, soil gas samples were collected at 40 cm
deep using a metallic probe and analyzed for 4 He and
COg9 contents by means of a Omnistar QMS within 24
hours. Spatial distribution of soil gas helium expressed
as (AHe = Hegoiiqpmosphere - Heair) showed that
relatively high AHe values (> 1,800 ppb) occurred in
the summit zone of Cumbre Vieja along the N-S rift-
zone, suggesting a deep origin for the degassing through
this major structure. Soil He efflux was estimated by
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multiplying soil COg efflux times AHe/ACOg ratio
at each sampling site. Taking into consideration the
spatial distribution of estimated soil He efflux and the
volcanic area, the total output of diffuse He emission
is estimated about 59 Kg/d for Cumbre Vieja volcano.
Monitoring these results could be useful for the volcanic
surveillance.

URL: http://www.iter.cs
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Teide volcano (3,717 m a.s.l.) is located in the cen-
tral part of Tenerife island, at the intersection of three
major volcanic rift-zones. Low temperature fumaroles
(81-85°C) occur in the summit cone, where significant
amounts of diffuse COg degassing have been measured
about 400 of tons per day (Hernandez et al., 1998; Gon-
zalez et al., 2001). Chemical and isotopic composi-
tion of these gases show a mixing of COg-rich deep-
seated gas and atmospheric air. In order to improve
the volcanic surveillance program of Teide volcano, a
geochemical station for continuous monitoring of the
diffuse degassing was installed at the summit (3,575 m
a.s.l.) in April 1999.

Soil COg and HgS efflux (WEST Systems, Italy),
soil temperature, soil water content, rainfall, and me-
teorological variables (wind speed and direction, baro-
metric pressure, air temperature and air humidity) are
continuously measured in an hourly basis and real-time
radio-transmitted to ITER facilities 25 Km far. Soil
gas composition, collected at 70 cm deep, as well as
4He/40Ar, 4He/COg, No/4OAr, and 40Ar/36Ar ra-
tios are also routinely measured using an Omnistar
quadrupole mass spectrometer (QMS). Teide geochem-
ical station is also integrated by an electrostatic-type
SARAD alpha detector, which allows measuring 222Rn
and 220Rn from its radioactive progeny, 214Po, 216po
and 218Po hourly. Diffuse degassing at Teide vol-
cano is dominated by a large and variable COg con-
tent (<66.7%V) and COq efflux <29 Kgm ™ 2d~ 1. De-
spite the air-like 40Ar/30 Ar (<310) and No/Oo (~3.4)
ratios, the 4He/40Ar (9.3 107%) and 4He/COy (2.6
1075) ratios showed the contribution of deep-seated
derived gas. Soil gas 222R ) content has a median value
of 1.18 KBqm ™3 and is quite variable depending on
the meteorological conditions at the observation site
(wind speed, barometric pressure and soil water con-
tent). These promising results are a relevant key within
the geochemical monitoring program for the seismic-
volcanic surveillance at Tenerife island.

URL: http://www.iter.es

V21B-1198 0830h POSTER

Anomalous Changes of Diffuse
Hydrogen Emission from Poas
Volcano, Costa Rica, Central
America: a Premonitory Geochemical

Signature of Volcanic Unrest?
G. Melian? (gladys@iter.rcanaria.es); I. Galindol;
J. M. L. Salazarl; N. M. Perezl; P. A.
Hernandezl; M. Fernandez2; C. Ramirez3; R.

Mora2; G. Alvarado?

1Environmental Research Division, ITER, Granadilla,
Tenerife, Canary Islands 38611, Spain

2Centro de Investigaciones Geofisicas, Univ. de
Costa Rica, San José 1000, Costa Rica

3Escuela Centroamericana de Geologia, Univ. de
Costa Rica, San José 1000, Costa Rica

4ICE, P.O. Box 10032, San José 1000, Costa Rica

Poas volcano is a large basaltic-andesite stratovol-
cano located of the Cordillera Central in Costa Rica.
The summit of Poas consists of three nested calderas
and an active crater located between two older cones:
Von Frantzius to the north and Botos cone to the south.
This active crater contains a hot and acidic crater lake,
and host an active hydrothermal system. The purpose
of this work is to study and evaluate the spatial dis-
tribution of diffuse Hg at the surface environment of
Poas volcano during the period 2000-2002.

Diffuse Hg degassing surveys have been yearly per-
formed at Poas volcano since the year 2000 covering
an area of 3.4 Km?. Soil gas Hg concentration ranged
from 0.6 to 4.1 ppmV, from 0.4 to 1,910.3 ppmV, and
from 0.8 to 7,059.2 ppmV for the 2000, 2001 and 2002
surveys, respectively. Statistical-graphical analysis was

applied for the soil gas Ho concentration data observed
for three surveys. Two populations were observed for
the 2000 survey, while three were observed for 2001 and
2002 surveys. Most of the study area showed back-
ground soil gas Hg concentrations for the 2000 (0.6
ppmV), 2001 (0.7 ppmV), and 2002 (4.1 ppmV) sur-
veys. Peak mean values of soil gas Hp content were
just observed for the 2001 (15.2 ppmV) and 2002 (340.1
ppmV) surveys. Peak soil gas Hg concentration val-
ues were mainly observed inside the main crater, but
the anomalous Hg area for the 2002 survey is larger
than the 2001 survey. These data suggest an increas-
ing trend of soil gas Hg concentration at Poas. The
observed secular variation of the spatial distribution of
diffuse Ho emission was closely related to fumarole ac-
tivity changes inside the main crater during the last
three years. These results might suggest that diffuse
Hg emission could be a premonitory geochemical sig-
nature of volcanic unrest at Poas.

URL: http://www.iter.es
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La Palma (730 sz) is one of the youngest island
of the Canarian archipelago. Recent volcanic activity is
concentrated on the southern part of the island, where
Cumbre Vieja volcano (220 Km?) has been constructed
during the last 1 Ma reaching an elevation of 1,898 m
above sea level. Six historical eruptions had occurred
at Cumbre Vieja, and the most recent event took place
in the southern part of the volcano (T'eneguia volcano,
1971). The main structural features are three major
volcanic rift-zones of N-S, NE, and NW orientations.
Since fumarolic activity is absent at Cumbre Vieja, cou-
pled surface pressure gradient and carbon dioxide de-
gassing monitoring could be potential geophysical and
geochemical tools for its volcanic surveillance.

Surface pressure gradient and carbon dioxide de-
gassing survey of 619 observation sites was carried out
from July 19 to August 13, 2002, at Cumbre Vieja vol-
cano. Pressure gradient measurements were performed
by means of a Setra 239 Model pressure transducer,
and soil COg efflux measurements were performed by
means of a portable NDIR sensor according to the accu-
mulation chamber method. At each sampling site, soil
gas samples were collected at 40 cm deep using a metal-
lic probe and analyzed for COg contents by means of a
Omnistar QMS within 24 hours. Surface pressure gra-
dient ranged from -36 to 90 Pam L. Soil COy efflux
ranged from negligible values to 1,300 gm ™~ 2d !, and
soil gas COg content ranged from 0.03 to 1.1 %V. Sta-
tistical graphical analysis showed two different popu-
lations for the COgq efflux data and their mean values
are 1.4 and 52 gm~2d 1!, respectively. For this 2002
survey, the total output of diffuse COg9 emission was es-
timated about 1,340 td 1, which lies within the range
of previous surveys (1,250-2,500 td —1). Spatial distri-
bution of the data showed an excellent agreement be-
tween surface pressure gradient and COg degassing at
Cumbre Vieja, where the highest observed values were
detected in and around the volcanic vent related to the
most recent eruption at Cumbre Vieja volcano.

URL: http://www.iter.es
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Usu volcano is one of the most active volcanoes in
Japan, and eight major eruptions have been recorded at
this volcano since 1963. It is located in the southwest-
ern part of Hokkaido. The volcano is a post-caldera
cone of Toya caldera, and composed of a somma vol-
cano with a parasitic scoria cone and a number of lava
domes and cryptodomes. A regular repetition of the
eruptions of Usu at an interval of 30-50 years in later
historic times is an important aspect for the surveil-
lance and monitoring of this volcano. The most recent
one occurred in March 31, 2000.

A soil volatile Hg, As, B and N H3 survey of 150
sampling sites was carried out at Usu in September
1998, 18 months prior the 2000 eruption. Soil samples
were collected at 40 cm depth to avoid the soil organic
rich layer. Soil samples were air dried and sieved (<
2mm). Hg, As and B measurements were performed by
means of ICP in soil extractions whereas N H3 was mea-
sured by means of ISE. Soil As, B, Hg and N Hg3 con-
tents ranged from 91.5 to 12,442 ppb, 75.4 to 1667 ppb
6.4 to 3,090 ppb and from 0.1 to 46.4 ppm, respectively.
Median values for As, B, Hg and N H3 were 2,151 ppb,
433 ppb, 123 ppb and 4.9 ppm, respectively. Highest
values of As, B and N Hg were spatially well correlated
and mainly identified at the summit and northern slope
of Usu volcano as well as near by the site of the March,
2000 eruption. Soil mercury distribution did not show
any spatial correlation with the main geological and hy-
drothermal features at the studied area. Distribution
of soil As, B and N Hg anomalies at Usu were also spa-
tially well correlated with high values of soil COq efflux
(Hernandez et al., 1998), suggesting a common origin
for these discharges. These results indicate that deep
perturbation of the Usu volcanic-hydrothermal system
on the surface environment has been responsible for the
observed spatial distribution pattern of soil volatiles.

URL: http://www.iter.es
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In response to recent and on-going uplift in the Sep-
aration Creek drainage system, 5 km west of South Sis-
ter volcano in the central Oregon Cascades (e.g. Wicks
et al., 2001), a hydrogeochemical monitoring project
was initiated by the U.S. Geological Survey in the sum-
mer of 2001. When compared to existing literature
data, we found no significant changes in the helium iso-
tope composition of hot springs located in the vicinity
of South Sister volcano, but outside the area of uplift.
Nor were there significant changes in fluid chemistry
or conductivity of cold springs within the area of up-
lift. For the latter group, there are no pre-uplift helium
or carbon isotope data. Therefore, the implications of
the strong magmatic helium and carbon isotope signals
measured in two of these samples and their possible re-
lationship to the recent uplift could not be evaluated
(Van Soest et al., 2001; Evans et al., 2002).

‘Within the scope of the hydrogeochemical monitor-
ing project, a detailed survey of cold springs in the
Separation Creek drainage area was planned for the
spring, summer and fall of 2002. Preliminary results for
spring 2002 samples suggest a relationship between he-
lium isotope composition and distance from South Sis-
ter volcano, but not the center of uplift: 8.6R 4 at 3 km
(from a sample nearest the youngest erupted volcanics),
7.4R 4 at 5 km (near the center of uplift), 7.0R 4 at 10
km, 6.8R 4 at 18 km, and 5.2R 4 at 25 km from South
Sister volcano. The last value is from the hot spring
closest to the area of uplift for which there is pre-uplift
data and it suggests a constant helium isotope ratio
over time (1982-present). The new carbon isotope re-
sults confirm the existence of a mixing relationship be-
tween deep abiogenic (magmatic) carbon and shallow
biogenic carbon that was apparent in the 2001 sam-
ples. The carbon isotope results appear to correlate
with the Cl and conductivity anomalies in the springs.
At this time, whether a similar correlation exists for
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the helium isotope data remains unclear. To date there
is no clear evidence that links the geochemical data to
the recent and on-going uplift, but work currently in
progress may shed more light on this issue.

Evans, W. C., Mariner, R. H., Ingebritsen, S. E.,
Kennedy, B. M., Van Soest, M. C., and Huebner, M. A.
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Cerro Negro is a basaltic cinder cone that has
erupted 22 times since its birth in 1850. It is part
of a group of four young cinder cones NW of Las Pi-
las volcano. Cerro Negro’'s most recent activity was
on 5 August 1999 when erupted ash clouds at heights
of about 7 km. In December 1999, three months after
the eruption, a surface flux survey was carried out at
Cerro Negro. Soil COqg efflux values ranged from 0.5
to 35,000 gm~2d~ 1 and the total diffuse COg out-

put was estimated about 2,800 td~!. Soil temperature
reached values above 300° C on the NE flank of the vol-
cano (Salazar et al., 2001). The goal of this study is
to evaluate how diffuse COg degassing rate at Cerro
Negro changes through its eruptive cycle and improve
its volcano monitoring program.

From Febraury 26 to March 11, 2002, a new diffuse
COg degassing survey was carried out at Cerro Negro.
Sampling distribution was similar to the 1999 survey
covering an area of (0.6 Km?2). Diffuse COg emission
rates for the 2002 survey showed a wide range of values
from 0.3 to 26,500 gm 24~ 1.
showed soil COqy efflux values above 110 gm 241,
and the highest COgq efflux rate was observed in the
Northeastern sector of the crater. Soil temperature was
also recorded during the survey, and the highest value
was observed in the NE flank reaching temperatures up
to 450° C. The total diffuse COg output for the 2002
survey was estimated about 280 td !, which is one or-
der of magnitude lower than the estimated for the 1999
survey. This significant temporal variation on diffuse
COg emission rate seems to be clearly related to the
eruptive cycle of Cerro Negro. If we consider that the
statistically eruptive cycle for Cerro Negro is less than
a decade, it is obvious that the December 1999 survey
was performed within its post-eruptive period, while
the recent 2002 survey was carried out two years and
a half after the most recent eruption of Cerro Negro,
within its inter-eruptive period. These results suggest
that diffuse COg degassing monitoring at Cerro Negro
could be a potential geochemical tool for its volcanic
surveillance.

URL: http://www.iter.es
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Voluminous gas emissions from a lava lake at
Masaya volcano, Nicaragua, have been repeatedly mea-
sured over the past several decades. However, the ex-
tent and nature of diffuse degassing associated with
the volcano are relatively unknown. We conducted
a preliminary soil COg flux and temperature survey
(August, 2002) at two sites along a NE-trending lin-
eament, located on the NE flanks of Masaya. At
the first site, located ~3.5 km NE of the inactive
Masaya crater and adjacent to the Comalito cinder
cone, we made 209 measurements of soil COg flux
(25 to 41,711 g m—2d~1) and temperature (30 to
80 °C) within a 7175 m2 area. COg fluxes belong to
three populations of low, medium, and high flux. To-
tal COg emission rate from this area is estimated to
be 20 t d—1. At the second site (844 mz), located
~0.75 km NE of Masaya crater, we made 133 mea-
surements of soil COy flux (9 to 39,488 g m—2d 1)
and temperature (27 to 62 °C). These fluxes consti-
tute low and high flux populations. Total COgp emis-
sion rate is estimated to be 2.5 t d 1 from this area.
COg fluxes belonging to medium and high flux pop-
ulations at both study sites are distributed along lin-
ear trends approximately parallel to the existing struc-
tures. Autocorrelation analysis shows that soil COg
fluxes and temperatures at these study sites are mod-
erately to well spatially correlated, with direction of
anisotropy oriented approximately parallel to the struc-
tures. A positive correlation between soil COg flux
and temperature is observed. Our results suggest that
large quantities of heat and COg may be advectively
transported with steam along highly permeable frac-
tures from depth to the atmosphere. Assuming compa-
rable emission rates along the length of the lineament,
diffuse COg degassing may significantly contribute to
total COg emission from Masaya volcano.
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The Santa Ana-Izalco-Coatepeque volcanic complex
(2,365 m elevation), located 40 Km west of San Sal-
vador, consists of the Coatepeque collapse caldera (a
6.5 x 10.5 Km elliptical depression), the Santa Ana and
Izalco stratovolcanoes, as well as numerous cinder cones
and explosion craters. The summit of the Santa Ana
volcano contains an acid lake where hot springs, gas
bubbling and intense fumarolic emissions occur. A vol-
canic plume, usually driven by the NE trades, may be
seen rising up to 500 m from the summit crater of the
Santa Ana volcano. The goal of this study is to provide
a multidisciplinary approach for the volcanic surveil-
lance by means of performing geochemical continuous
monitoring of diffuse COg emission rate in addition to
seismic monitoring.

Temporal variations of soil COg efflux measured at
Cerro Pacho dome, Coatepeque caldera, by means of
the accumulation chamber method and using a COqg ef-
flux continuous monitoring station developed by WEST
Systems (Italy). From May 2001 till May 2002, COq ef-
flux ranged from 4.3 to 327 gm72d71, with a median
value of 98 and a quartile range of 26 gm —2d~ 1. Two
distinct diffuse COg degassing periods have been ob-
served: (1) an increasing trend from May to July 2001,
and (2) a stationary period from November 2001 to May
2002. The increasing-trend period may be due to the
anomalous plume degassing at the Santa Ana volcano
during 2001 and soon after the January and February
2001 earthquakes. Temporal variations of COg efllux
during the second period seem to be coupled with those
of barometric pressure and wind speed at different time
scales, though most of the variance is contained at di-
urnal and semi-diurnal frequencies. These observations
can help to explain the existence of a persistent be-
havior (Hurst exponent, H=0.934 £ 0.0039) within the
diffuse COg degassing phenomena. However, further
observations are in progress to understand the long-
term memory of diffuse COg degassing at the Santa
Ana volcanic complex.

URL: http://www.iter.es
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Masaya lies 20 km SE of Managua and is one of
Nicaragua’s most unusual and most active volcanoes.
It is a basaltic-andesitic caldera and forms a basin 11.5
x 6 Km in diameter whose long axis is oriented to the
northwest, parallel to the Quaternary volcanic chain.
It is known to have been active since the Spanish ar-
rival in the 16*7. Since its reactivation in 1993 is going
through a signficative degassing process with a stable
volcanic plume releasing to the atmosphere about 3,000
td~1 of COy (Horrocks et al., 1999).

The total output of diffuse COg emission has been
previously estimated about 28,800 td~1 by a diffuse
COg degassing survey carried out in December 1999.
This data imply that diffuse/plume COgy degassing ra-
tio at Masaya is about 9.6 (P érez et al., 2000). Peak
values of soil COs efflux (> 1,600 gm~2d~1) were
identified at El Comalito as well as in other specific
caldera sites. To study and monitor secular varia-
tions of diffuse degassing rates at Masaya, a contin-
uous monitoring station for soil COg and HgS efflux
measurements developed by WEST System (Italy) was
installed at El Comalito on March 15, 2002. Diffuse
COg9 and HyS degassing rates as well as several mete-
orological parameters are measured in an hourly basis
and radio-transmitted to the National Park facilities.
Soil COg efflux ranged from 12.6 to 16,012 gm ™~ 2d~ 1
and showed a median of 4,300 gm ~2d~ 1. Soil HoS ef-
flux ranged from 11.6 to 703 mgm ~2d ™! and showed a
median of 41.2 mg m~2d~ 1. Soil temperature ranged
from 60.5 to 77.6° C and showed a median of 75.8°C. A
sharp increase of COgq efflux rate from median value to
9,290 gm~2d~ 1 was detected in July 18, 2002. COq
efflux reached background values by September 2002.
This acute increment on COg efflux is not correlated
with high frequency minor fluctuations related to me-
teorological variables. On the contrary, major secular
variation of HoS efflux rate is strongly affected by rain-
fall. A larger observation time-span is needed to under-
stand the influence of the volcanic and meteorological
activity on the observed soil COg and HgS efflux time
series at Masaya volcano.

URL: http://www.iter.es
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San Miguel is one of the most active volcanoes in
El Salvador and rises from near sea level to 2,132 me-
ters. San Miguel has erupted at least 29 times since
1699 and its historical eruptions consisted mainly of
relatively quiescent emplacement of lava flows or minor
explosions that produced modest tephra falls (Mayer-
Abich, 1956). In January 2002 a short-term volcanic
unrest characterized by a gas-and-steam plume contain-
ing a little ash rising with a mushroom-like profile a
few hundred meters above the summit crater occurred
at San Miguel volcano (BGVN 27:02, 2002). In addi-
tion, an anomalous microseismicity pattern, about 75
events between 7:30 and 10:30 hours, was also observed
on January 16, 2002. This style of increased seismicity
and gas emission is within the range of normal activ-
ity at San Miguel according to SNET, since intermit-
tent periods of vigorous steam-and-gas emission have
been commonly reported in recent years (BGVN 27:02,
2002).

Continuous geochemical monitoring of diffuse COq
degassing is performed on the eastern flank of San
Miguel volcano since November 24, 2001, to provide
a multidisciplinary approach for San Miguels volcanic
surveillance program. At the observation site, the
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background mean of the diffuse COgo emission rate is
about 16 gm~2d~ 1, but a 17-fold increase, up to 270
gm72d7 , was detected on January 7, nine days be-
fore the January 2002 short-term unrest at San Miguel.
This observed anomalous changes on diffuse COgo de-
gassing rate might be related to a sharp increase of
COgq pressure within the volcanic-hydrothermal system
of San Miguel since meteorological fluctuations can-
not explain this observed significant increase of diffuse
COg emission nine days before the short-term unrest
at San Miguel volcano on January 16, 2002.
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San Salvador volcano is located towards the south-
ern part of the Central American graben. The most re-
cent magmatic activity was mainly focused on the vol-
cano NW flank forming monogenetic explosion craters,
cinder cones, and lava flows. Flank vents continue to
erupt at a rate of once every 82 yrs with the last erup-
tion in 1917 (Sofield, 1999). The city of San Salvador,
with a population 1.7 million located at the skirts of the
volcano, will be at high risk if an eruption occurs. The
purpose of this work is to provide a multidisciplinary
approach for the volcanic surveillance by means of in-
troducing geochemical continuous monitoring of diffuse
COg9 and HgyS emission rates.

Soil COg9 and HgS efflux are continuously moni-
tored at Cerro La Hoya, which is located at San Sal-
vador volcano southern flank, by means of a soil gas
efflux continuous monitoring station. Since Nov.11,
2001, until Aug.30, 2002, about 6,800 observations of
soil gas efflux and meteorological measurements had
been recorded. Soil HgpS efflux values were negligible
during this period. On the contrary, two distinct dif-
fuse COq degassing periods have been observed: (1) a
stationary period from Nov. 11 to Dec. 27, 2001, and
(2) a clear increasing trend period from Dec. 28, 2001,
up to date. From Nov.11l to Dec.27, 2001, COqg efflux
showed an average of 700 gm_zd_1 peaking values up
to 1,194 gm~2d~ 1. From Dec.28, 2001, to Aug.30,
2002, COg efflux showed an average of 7,435 gm—2a—1
peaking values up to 45,285 gm~2d~ 1. Soil tempera-
ture showed similar average and peak values for both
periods. It is quite evident that this anomalous change
of COg efflux rate at San Salvador is not driven by
meteorological fluctuations. Therefore, this anomalous
change of diffuse COg emission should be related to an
increase of COg pressure in the volcanic-hydrothermal
system. This increase of fluid pressure could be re-
lated to subsurface strain/stress changes, which might
be taking place due to either magmatic or tectonic re-
activation in the study area.

URL: http://www.iter.es
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Shallow hydrothermal processes can affect the com-
position of gases sampled at the surface of the earth.
Poas volcano in Costa Rica is an ideal location to quan-
tify these effects as it has numerous fumaroles, and in-
teractions between rising volatiles and its acid crater

lake are well documented (Rowe et al., Bull Vole, 1992).
In addition, Costa Rica has extreme wet and dry sea-
sons thus allowing study of seasonal changes in gas
chemistry through time-series data.

Vapor condensates and thermal waters can yield in-
formation on vapor-fluid interaction through §D and
5180 analysis. The condensates form a trend subpar-
allel to the meteoric water line, indicating mixing be-
tween magmatic vapor and meteoric water (y=6.20x-
17.12). Water from the crater lake shows extreme 180
enrichment (§D=-30.63°/40, §180=1.48°/4,) due to
water-rock exchange and possibly the contribution of
primary water from degassing magma.

Complementary gas data on fumaroles at Poas re-
inforce these findings. Monitoring over the period Jan-
July 2001 revealed increasing outlet temperatures (760
to 108° Q), increasing relative proportions of sulfur (1.1
to 7.9 mmol/mol) and decreasing SOg/HgoS ratios (5.4
to 2.6). Increasing outlet temperatures trigger the re-
mobilization of elemental sulfur, resulting in decreased
SOg /HS ratios. In the past, decreasing SOg/HgS ra-
tios at Poas have accompanied increases in volcanic ac-
tivity (Rowe et al., 1992). Concurrently during the
2001 sampling interval, the level of the crater lake
dropped 4 meters, and the acidity of the crater lake in-
creased (pH=2 in January to 0 in July). These changes
indicate increasing addition of magmatic gases to the
hydrothermal system. Analysis of redox conditions in
terms of Ho, CHy, and CO indicates that at depth the
hydrothermal system is vapor phase, and at shallower
levels the system is two-phase (vapor and liquid coex-
isiting as a result of vapor condensation). During the
rainy season, Poas hydrothermal system is dominated
by a liquid phase, even at shallow levels. Using fuma-
role chemistry and redox allows time series analysis of
chemical changes due to seasonality and volcanic activ-
ity.
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We investigated N-isotope systematics and geo-
chemistry of gases emitted from fumarolic and geother-
mal sources along the Nicaraguan volcanic front. The
goals of this study are: 1) to quantify the contributions
from different reservoirs to the volatile output along
the volcanic front; 2) to map along-arc variations in
sediment contribution to magmas.

We report relative abundances of Ng, Ar, and He,
as well as N isotopes, for geothermal fluid samples from
Nicaraguan volcanoes. Samples from Masaya, Tipi-
tapa, Xiloa, Momotombo geothermal wells, Cerro Ne-
gro, and San Cristobal (from SE to NW) have No/He
ratios in the range 1,600 25,000 typical of arcs. The
southernmost sample, Volcan Mombacho, has No/He
=144, consistent with upper mantle derivation (No/He
~ 150). N isotopes identify sources for the geother-
mal gases. A positive 515N value indicates N contri-
bution from subducted hemipelagic sediment (615N =
+7°/60). The upper mantle, in contrast, is charac-
terized by a SI5N =
Xiloa, a Momotombo well, and Cerro Negro have 515 v
= +1.2, 44.9, +2.1, and 4+4.9° /50, a strong sediment
signature. The sample from Mombacho has a S5 N =
40.5° /60, indicative of mantle nitrogen.

These Nicaraguan data contrast with reported No —

—5°%/60. Samples from Masaya,

He — s15N systematics of central Costa Rica, where
gas discharges sample primarily mantle wedge volatiles
(Zimmer et al., AGU 2001, Fischer et al., Science 2002).
Most Nicaraguan samples have No/He and 515 N
values that indicate subduction of hemipelagic sedi-
ments, as is typical of other arcs. In Costa Rica and
southern Nicaragua (Mombacho), underplating pre-
vents hemipelagic sediments from reaching the zone
of melting and results in low Ngo/He and negative
515N values. Southern Nicaragua represents the tran-
sition from sediment underplating (in the south) to sed-
iment subduction (in the north). The N-systematics are
therefore consistent with other geochemical indicators
(Ba/La, 1OBe, e.g.) showing significant sedimentary
contribution to Nicaraguan volcanic output.
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‘We report the first data on volatile emissions from
the Sangihe Volcanic Arc to trace sediment subduction.
The Sangihe Arc is part of an unusual tectonic setting
where the Molucca Sea Plate subducts beneath both
the Sangihe and Halmahera Arcs, resulting in oblique
arc-arc collision. The northern parts of Sangihe and
Halmahera are fused, while the south has not yet col-
lided. Collision has resulted in sediment obduction
onto the facing arcs, decoupling it from the oceanic
plate below. To study the geochemical effects of colli-
sion, we collected gases at eight locations along Sangihe
Arc at fumaroles and hot springs. Our results comple-
ment COg-He systematics of the same samples (Jaffe
et al., this volume).

Gas samples were analyzed for major volatiles and
N isotopes. Typical No/He for subduction zones are
1000-25,000, while MORB and OIB are lower (10-100)
due to the lack of sediment-derived N input. Most
Sangihe samples have No /He that deviate from the sub-
duction signature (330-2825). The N isotopic (§15N)
value of air is 09/, by definition, -3 to -5°/50 in the
upper mantle, and +7°/40 in marine sediments. §1°N
values for Sangihe samples range from -7 to +29 /0.
Variations in Ng/He ratios and 515N data (tracers of
hemipelagic sediment) correlate with latitude, with val-
ues decreasing to the north suggesting that subduction
of hemipelagic sediment is less significant in the north
than the south. The Ng-He systematics suggest that
arc-arc collision, more advanced in the north (where
No /He=537 and 615N:-70/DU at Ruang Volcano), has
caused the sediment package to become less coupled
to the underlying ocean crust. The higher values in
the south (Ng/He=1977 and §1°N=+2°/,, at Am-
bang Volcano) suggest that sediment is still subduct-
ing there, as the collision is less developed. Alterna-
tively, sediment composition may vary along strike of
the arc, with hemipelagic and carbonate-rich sediments
subducted in the south and north, respectively.
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The Sangihe and Halmahera arcs in northeastern
Indonesia are presently colliding, forming the worlds
only extant example of an arc-arc collision. We report
the first helium and carbon isotopic and relative abun-
dance data from the Sangihe Arc volcanoes as a means
to trace magma origins in this complicated tectonic re-
gion. Gas chemistry and N-isotopes from the same lo-
calities are reported in a companion paper (Clor et al,
this volume).

There is a distinct regional pattern in He and
COq variations along the north-south strike of the
Sangihe Arc. The two northernmost volcanoes (Awu
and Karangetang) have SHe/%He < 6.4R 4 (where R4
= air 3He/%He), COy/3He > 30x10?, and §13C > -
2.0°/050. In contrast, the southern volcanoes along the
arc (Ruang, Lokon, Mahawu) have 3He/‘lHe > 7.0R 4,

COy/3He < 7x102 and §13C < -3.0°/,,. The south-
ern volcanoes, therefore, sample volatiles more typical
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of island arc volcanoes. Resolving the COg into compo-
nent structures (mantle-derived, plus slab-derived or-
ganic and limestone COg - following the approach of
Sano and Marty, Chem. Geol., 1995), the northern vol-
canoes contain higher than average slab-derived lime-
stone contributions. For example, limestone-derived
COg makes up > 90% of the total COg at Karange-
tang and ~98% at Awu. These values compare with an
average limestone contribution of ~65% in the southern
Sangihe arc and ~73% in other arcs worldwide.

‘We are investigating possible reasons for the en-
hanced limestone contributions in the northern Sangihe
arc. The sedimentary melange wedge is thickest in the
north (up to 15km) - where the arcs initially collided.
The greater availability of sediment may result in a
greater input of subducted sediment, thereby providing
enhanced dilution of mantle wedge C inputs. Alterna-
tively, subducted sediments may be more carbonate-
rich in the northern segment of the arc. This may re-
flect obduction of shallow, organic-bearing sediments
onto the over-riding plate, leaving only pelagic carbon-
ates to contribute to arc magma sources. Finally, the
large carbonate flux may reflect enhanced contributions
from sediment fluids and/or melts in the northern arc.
Central Mindanao (Philippines), just north of Awu,
contains post-collisional, slab-derived melts (adakites)
attributed to thermal rebound of previously depressed
isotherms upon termination of subduction (Sajona et
al, Lithos, 2000). Similar thermal processes could be
occurring at the northernmost extensions of the active
Sangihe arc as a result of the reduced rate of subduc-
tion.
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Studies of melt inclusions from basaltic lavas are of-
ten aimed at elucidating the nature of mantle source(s)
and/or the processes responsible for melt generation.
However, melt inclusions also provide unique insights
into the architecture of basaltic magma systems, and
melt inclusion compositions can potentially constrain
the nature, timing, location and rate of the processes
which control magma transport, melt aggregation, frac-
tionation, mixing, assimilation and eruption. They are
particularly powerful when a complete suite of elements
is analysed for and when used in concert with the host
lava suite. The availability of large integrated inclu-
sion and host lava datasets covering a range of geo-
dynamic environments (e.g. MORB, I0B, CFB, IAB)
also offer the potential to compare and contrast dif-
ferences in magmatic architecture related to external
tectonically-driven factors, such as magma production
and upwelling rates, lithospheric and crustal thickness
differences and the eruption environment.

Examples of the utility of this approach come from
MORB and CFB. Melt inclusions from slower-spreading
MOR have been shown to preserve a greater diver-
sity of melt inclusion compositions than inclusions from
faster spreading segments. New data from the SWIR
extends this observation to ultra-slow spreading cen-
tres, which have inclusions that preserve an extraordi-
nary degree of magmatic diversity (KoO/TiOg = 0.01
to 2.8, [La/Sm] = 0.15 to 2.0). Overall this observa-
tion is consistent with a wider variety of compositions
preserved within the less-vigorous and transient mag-
matic systems that occur at slower upwelling rates. In
CFB, the occurrence of mantle-derived trace element
variations and those resulting from crustal contamina-
tion within the same inclusions, along with the obser-
vation that primitive melts may contain highly con-
taminated inclusions, show that very limited amount of
melt aggregation and fractionation occurs within CFB
melt systems prior to entering the continental crust.
CFB melt transport systems must be able to efficiently
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transport diverse melts to the crust with little oppor-
tunity for aggregation and mixing.
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Geochemical evidence demonstrates that the extrac-
tion of silicate melt from residual peridotite is an ef-
ficient process, and that near-fractional partial melt-
ing of peridotite in the oceanic upper mantle occurs
over a range of pressure-temperature conditions. Sili-
cate melts included in olivine phenocrysts are isolated
from most magma chamber process and, therefore, may
preserve geochemical information relating directly to
the processes of peridotite melting and melt transport
in the upper mantle. Unusually CaO-rich (ultracal-
cic) melt inclusions, with compositional characteris-
tics (CaO 14 wt%; CaO/AlpO3 1.0 by weight) that
are rare in the global mid-ocean ridge basalt (MORB)
population, suggest the involvement of exotic litholo-
gies in mantle melting. However, results from model-
ing carried out using new experimental determinations
of the diffusivity of CaO demonstrate that equilibra-
tion of olivine phenocrysts occurs over relatively short
timescales. Further, the systematically low NagO con-
tents of ultracalcic melt inclusions suggest that their
high CaO content may result from diffusive equilibra-
tion following magma mixing.

Diffusive equilibration of the CaO content of an
olivine-hosted melt inclusion following magma mixing
depends upon both the systematics of olivine/melt par-
titioning and diffusivity. The olivine/melt partition co-
efficient for CaO increases with increasing NaO in the
melt. If, following magma mixing, an olivine finds itself
floating in a melt with increased Nag O, but CaO com-
parable to the melt from which it crystallized, it’s CaO
content will increase. Further, if the olivine contains
a melt inclusion with low NagO, the CaO increase of
the host olivine will be magnified, producing a CaO
?pump”. Rapid diffusivity of CaO in olivine allows
this process to occur over relatively short timescales.
Because AlyOg is likely to be relatively immobile, the
CaO/AlyOg will be fractionated. At 1225 °C a 200 pm
melt inclusion centered in a spherical host olivine 2 mm
in diameter will retain its original concentration of CaO
for only ~10 years after magma mixing, after which it
increases rapidly. Complete equilibration of the inclu-
sion with the external melt requires ~70 years.
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Melt inclusions (MI) hosted by high-Fo olivine phe-
nocrysts from various tectonic settings commonly have
unusual major and trace element compositions, unlike
any lavas, whereas MI in more evolved olivine phe-
nocrysts are usually compositionally similar to the host
lavas. Anomalous MI often have high CaO contents and
Ca0O/Al1203 values, whereas SiO2 contents are either
lower or higher that those in lavas. In some cases, par-
ticularly in subduction-related magmatic suites erupted
through a thick arc crust, all MI in high-Fo olivines
have anomalous compositions, whereas in other suites
anomalous and 'normal’ MI can be found in a single
sample. In samples with dominant anomalous MI, high-
Fo olivines usually contain a large number of MI of vari-
able sizes, often > 100 microns. In contrast, in sam-
ples with MI of 'mormal’ compositions, many high-Fo
olivines are devoid of inclusions, however when present,
inclusions are small and few. The above differences in
the size and abundance of 'normal’ and anomalous MI
imply differences in the rate of crystallisation, with
anomalous MI corresponding to faster cooling rates.
The fastest cooling rates of a primitive magma are ex-
pected at the margins of a magma body where it is in
contact with the wall rocks. Interaction of such mag-
mas with cooler wall-rocks will cause localised rapid

cooling, facilitating crystallisation at the margins of
the magma and also trapping of MI by the growing
phenocrysts. The compositions of these MI are likely
to record the processes of partial dissolution of the wall
rock and mixing of the resulting melt with the primitive
magma, and have no bearing on magma generation pro-
cesses. On the other hand, inside the magma body, far
away from the reaction zones, slow cooling rates do not
favour trapping of MI, and ’normal’ MI are much less
common. The population of MI in high-Fo phenocrysts
is thus naturally biased towards anomalous composi-
tions, whereas in the macro system these reaction pro-
cesses are far less important. Large abundant 'normal’
MI are found in high-Fo olivine from magmatic suites
(eg, boninites, low-Ti arc tholeiites, komatiites) where
crystallisation occurred at shallow depths during ascent
and was accompanied by degassing, resulting in rapid
crystallisation.
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After corrections for host plagioclase interaction,
primitive melt inclusions from Central Indian Ridge
basaltic lavas have compositions that can be accounted
for by fractional crystallisation of an olivine, clinopy-
roxene and plagioclase assemblage. Correcting for this
fractional crystallisation, the melt inclusions are also
found to be depleted in phosphorus, titanium and iron,
relative to their matrix glasses. Furthermore, phos-
phorus and titanium concentrations correlate inversely
with sodium and potassium, an effect that is incom-
patible with either mantle partial melting processes
or diffusion between melt inclusions and their exter-
nal magma. Instead, it is concluded that the melt
inclusions were formed from melt increments derived
from the depleted shallow mantle melting column dur-
ing which fusion was promoted by a hydrous fluid car-
rying sodium and potassium. We suggest the fluid orig-
inates during early dehydration melting of the man-
tle column and is transported rapidly to shallower lev-
els. The common occurrence of similar enrichment in
depleted basaltic magmas, melt inclusions and upper-
mantle peridotites indicates that this is a globally sig-
nificant process.
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Melt inclusions carry potentially unique information
about magmatic processes and the compositional evo-
lution of erupted lavas. Major element compositions
of olivine-hosted melt inclusions in submarine tholei-
itic picrites from the southwest rift zone of Mauna
Loa volcano have been studied to examine the com-
positional variability of primitive magmas feeding the
worlds largest volcano. Approximately 600 naturally
quenched inclusions were examined from 8 samples with
3-25 vol% olivine phenocrysts and 9-22 wt% MgO.
Olivine compositions ranged from Fo91-Fo82. The in-
clusions show a continuous variation in FeO contents
from near-magmatic values (9 to 11 wt%) in the most
evolved olivines to extremely low values (3.5 to 7.0
wt%) in the most primitive olivines. This appears to
reflect a complex magmatic history for these crystals
involving extensive re-equlibration of melts trapped by
early formed phenocrysts with their host olivine. Ex-
treme compositional variability also characterizes in-
compatible elements that would not be affected by
equilibration with the host olivine. Inclusions trapped
in relatively primitive olivines (Fo88-91) show a large
range of K20 contents (0.1 to 2.1 wt%), whereas in-
clusions in more evolved olivines converge on whole
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