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Abstract Soil temperature and gas (CO, concentration and
flux) have been investigated at Merapi volcano (Indonesia)
during two inter-eruptive periods (2002 and 2007). Precise
imaging of the summit crater and the spatial pattern of
diffuse degassing along a gas traverse on the southern slope
are interpreted in terms of summit structure and major
caldera organization. The summit area is characterized by
decreasing CO, concentrations with distance from the 1932
crater rim, down to atmospheric levels at the base of the
terminal cone. Similar patterns are measured on any
transect down the slopes of the cone. The spatial distribu-
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tion of soil gas anomalies suggests that soil degassing is
controlled by structures identified as concentric historical
caldera rims (1932, 1872, and 1768), which have under-
gone severe hydrothermal self-sealing processes that dra-
matically lower the permeability and porosity of soils.
Temperature and CO, flux measurements in soils near the
dome display heterogeneous distributions which are con-
sistent with a fracture network identified by previous
geophysical studies. These data support the idea that the
summit is made of isolated and mobile blocks, whose
boundaries are either sealed by depositional processes or
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used as pathways for significant soil degassing. Within this
context, self-sealing both prevents long-distance soil
degassing and controls heat and volatile transfers near the
dome. A rough estimate of the CO, output through soils
near the dome is 200-230 t day ', i.e. 50% of the estimated
total gas output from the volcano summit during these
quiescent periods. On Merapi’s southern slope, a 2,500 m
long CO, traverse shows low-amplitude anomalies that fit
well with a recently observed electromagnetic anomaly,
consistent with a faulted structure related to an ancient
avalanche caldera rim. Sub-surface soil permeability is the
key parameter that controls the transfer of heat and volatiles
within the volcano, allowing its major tectonic architecture
to be revealed by soil gas and soil temperature surveys.

Keywords Volcano degassing - Soil gases - Imaging -
CO, flux - Ground temperature - Volatile budget -
Geochemical imaging and prospecting

Introduction

Degassing at active volcanoes commonly occurs from
central craters, active domes and fumarolic fields. It
operates also through distal leakage, with large scale
transfer of poorly to non-condensable gases (mainly CO,
with accompanying minor phases such as H,, He, **’Rn,
etc.) through soils (Baubron et al. 1990; Allard et al. 1991;
Farrar et al. 1995; Williams-Jones et al. 2000; Chiodini et
al. 2005). Whilst some less frequently active volcanoes
completely lack significant soil degassing (Toutain et al.
2002), high concentrations of CO, are commonly measured
in volcanic soils at some distance from the craters of other
volcanoes. In some instances, CO, concentrations up to
100% have been measured in soils of some active
volcanoes. High concentrations of He and **Rn also
typically occur (Baubron et al. 1990, 1991; Baubron
1996; Baxter et al. 1999; D'Alessandro and Parello 1997).
Convective and advective processes are responsible for
diffuse degassing and large flux (up to 1,500 t day ' of
hydrothermal CO,) have been recorded (Chiodini et al.
2001; Salazar et al. 2001; Lewicki et al. 2003). Thus, soil
degassing of CO, may contribute significantly to total
degassing.

Distal degassing is a spatially heterogeneous process,
high gas concentrations and fluxes being recorded in high
permeability zones such as faults and fractures (Baubron et
al. 1991; Chiodini et al. 2001). Soil gas composition, in
particular the He/CO, ratio, is a powerful tool to charac-
terize contrasted volatile sources (Baubron et al. 1990) or
alteration processes (Toutain et al. 2002). Soil gas flux or
concentration mapping is also an efficient way to image the
distribution of discontinuities, the extent of the fluid
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transfer process and the interaction between fluid transfer
and the main structural features of volcanoes (faults,
fractures, rims, craters).

In this work, we will focus mainly on soil CO, and He.
Carbon dioxide is the major gas species in dry volcanic
fluids and has various sources: (1) the mantle, (2) crustal
carbonates or mineral alteration at depth, (3) organic
material. In volcanic soil air, CO, concentrations may
range from atmospheric values up to 100%. Helium has a
constant concentration (5.239+0.004 ppm) in the atmo-
sphere as a result of the balance between input from
continuous soil degassing and its escape into space. Soil He
concentration is usually in equilibrium with atmospheric air
with some fluctuations depending on soil rainwater satura-
tion (Toutain et al. 2002). Due to the high diffusion
coefficient of He, only deep sources containing uranium
and thorium (i.e., the mantle or crustal rocks) can release
appreciable amounts of He. Thus, He is a good indicator of
deep and early exsolution of volatiles from depressurized
magma, and is used as a marker of rising magma. It is also
an exceptional marker of gas leakage and crustal disconti-
nuities (Baubron et al. 1991, 2002; Toutain and Baubron
1999).

Dome volcanoes are characterized by a high degree of
structural heterogeneity, and therefore should be suitable
sites for imaging the distribution of soil degassing.
However, to our knowledge, there have been few soil gas
studies of active dome volcanoes. Merapi (Central Java,
Indonesia) is one of the most active volcanoes in the world.
Its activity is characterized by repeated phases of growth
and collapse of a viscous andesitic dome (Voight et al.
2000). Passive degassing occurs continuously from the
dome and summit fumaroles, with an average SO, flux of
about 100 T day ' (Le Cloarec and Gauthier 2003). Whilst
the gas and plume chemistry has been well described
(Symonds et al. 1987; Allard et al. 1995; Nho et al. 1996;
Le Cloarec and Gauthier 2003; Sortino et al. 2006), diffuse
degassing at Merapi has never been investigated. The aim
of this paper is to examine the general pattern of diffuse
degassing at Merapi volcano, and to evaluate the relation-
ship between diffuse degassing and the structural frame-
work of the volcano during inter-eruptive periods.

Ground surface CO, flux measurements are an additional
way to detect deep gas leakage, and are useful in rocky areas
characterized by a very thin soil layer such as those which
are found at the summit of Merapi, or along oversteepened
slopes, where a probe cannot be inserted to an appropriate
depth. On the lower slopes, heterogeneous, thin and sandy
soils are common.

In this paper, we make a first estimate of the CO, flux
emanating from soils of the non erupting portion of an
active dome-volcano assuming that the traverses selected
describe the complexity of the structure.
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Methods
Merapi volcanic and degassing activity

Merapi volcano (Fig. 1a) is a 2,970 m a.s.l. basalt-andesite
stratovolcano. It is currently the most active volcano in
Indonesia with a quasi continuous extrusion rate of lava
averaging 3,000 m> day ' over the last century (Voight et
al. 2000). Typical eruptions of Merapi are due to gravita-
tional collapse of over steepened lava domes producing
“Merapi-type” nuées ardentes (Voight et al. 2000). Large
displacements are observed in the summit area before and
during episodes of unrest (Beauducel et al. 2006), reflecting
magma dynamics within a highly fractured crater and stress
acting upon the rocks of the volcano's feeder system.
Merapi’s main magma reservoir could be either a 2.6 km®
magma chamber (Ratdomopurbo 1995), or a system of
associated magma pockets (Commer et al. 2006) at about
1.5 km depth.

The summit area of Merapi can be described as a cone
with a 600 m diameter base and 300 m height. The southern
part consists of a degassing crater which also hosts a
growing dome. The dome represents about half of the total
volume of the summit, and is inaccessible due to

topography. The northern area displays no magmatic
activity and little evidence of degassing except for two
fumarole fields (Woro and Gendol, Fig. 1b), and steam
condensation along faults.

Merapi is a moderate gas emitter with an average SO,
flux of about 100-400 T day ' (Symonds et al. 1987; Nho
et al. 1996). Fumarolic temperatures, as high as 910°C in
2000 (Sortino et al., 2006), are strongly influenced by
tropical rainfall (Richter et al. 2004). The summit region is
mainly composed of imbricate lava domes, crater rims and
pyroclastic deposits, locally highly altered. Soil temperature
in this zone, as well as on the upper ESE slope of the crater,
can reach more than 60°C (Friedel et al. 2004), thus
outlining diffuse degassing.

Tropical rainfall at Merapi is 2,000—4,500 mm year ',
with distinct rainy and dry seasons (October—March and
April-September, respectively). Showers higher than
100 mm day ' are often observed.

Summit and lower flank main structures
The summit area of Merapi is composed of crater rims and

lava domes resulting from a complex eruptive history
(Camus et al. 2000; Voight et al. 2000). Over time, the
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successive summit craters and breaches have been partly or
completely filled, subsequent eruptions or dome collapses
creating new depressions with differing morphologies
(Young et al. 2005). Three main structures can be identified
(Fig. 1b):

—  The “Pasarbubar” crater rim, approximately 2,680 m a.s.l,
700 m wide, inherited from the recent Merapi period and
enlarged during the 1768 eruption, which totally
destroyed the dome.

—  The “Mesjidanlana” crater rim, approximately 2,840 m
a.s.l, about 600 m wide and 500 m deep, formed during
the powerful 1872 eruption. All domes extruded from
1872 until now are located within this crater.

— The horse-shoe-shaped summit crater (“Senowo cra-
ter””), approximately 2,880 m a.s.l, 850400 m, 250 m
deep, which results from the 1930-1932 eruption.

Aside from the active dome, two fumarolic fields allow
the degassing of magmatic fluids: Gendol, which occupies
the bottom of the 1932 crater, close to the pre-2006 dome,
and Woro on the rim of this crater. An active fracture
network at the summit is indicated by kinematic GPS
measurements and confirmed by Bouguer anomaly map-
ping, the main directions being about N20°, N80° and
N110° (Gunawan 2005; Beauducel et al. 2006).

Since being first mooted by Van Bemmelen (1949), there
is growing evidence for a large hyperbolic structure (Bahar
1984; Berthommier 1990; Camus et al. 2000). This huge
structure corresponds to the avalanche caldera rim (Camus
et al. 2000), which may be related to a still-active
hydrothermal convective cell linked with deep levels of
the volcanic pile. Recently, electromagnetic evidence for
such a structure was obtained near an altitude of 825 m on
the southern slope of the volcano, south of Gunung Turgo
and Gunung Plawangan (Kalscheuer et al. 2007).

Soil gas concentration mapping and 5'°C isotopes

Carbon dioxide and He concentrations were measured
along traverses intersecting the main structural features of
the volcanic pile. In September 2002, during a dry period,
we performed 17 soil gas traverses to map CO, degassing
at Merapi volcano. Helium measurements were performed
at selected sites. Three hundred and three CO, and 71 He
measurements were obtained. Gases were pumped from
soils at a rate of 0.2-0.5 L min~' through a stainless steel
probe. The sampling depth was 0.6-0.8 m where possible,
but sometimes less due to lithologic heterogeneities.
Carbon dioxide was determined in the field with a IR-
spectrometer (LFG20 - Geogas, UK or a PCO2Plus—
GasData, UK), with accuracies of £0.5%, 3% and 5% for
concentration ranges of 0-10%, 10-50% and 50-100%,
respectively. Soil gas was stored in 1 L teflon bags and
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analysed the same day using a specific mass spectrometer
(100 HDS-Géo, Alcatel -F) for He concentration at selected
sites. Accuracy of measurements is 0.2%, allowing for the
detection of very low (down to 5 ppb) anomalies with
respect to the typical atmospheric value (Baubron et al.
2002; Toutain et al. 2002). All soil CO, and He concentra-
tion values were normalized to atmospheric air for local
pressure equilibrium, and they were also periodically verified
using gas standards. Sampling points were geo-referenced
using handheld-GPS measurements (Etrex Garmin, | to
10 m accuracy).

Seventeen traverses, ranging in length from 40 to
420 m, were performed in September 2002 (Fig. 1b).
They were located in accessible areas that tentatively cross
cut the main structural features of the Northern part of the
summit cone. However, the sampling site distribution was
limited by the rough conditions of the oversteepened
slopes. Several areas were investigated: the summit zone,
mainly along the 1932 crater rim, radial discontinuities
between lava flows and domes, the bulk summit crater
through a 420 m-long radial transect, and down slope, the
Pasarbubar crater rim area. Four traverses explored
the crater slopes from the summit. Two of them follow
the main footpath already used for self-potential profiling
(Aubert et al. 2000) whereas two others explore the upper
slopes northward and eastward, respectively. Two tra-
verses explored the summit area. One of them, NS
trending within the Kawahmati depression, ended near
Gendol crater, whereas the other explored the 1932 crater
rim up to Woro crater. Lastly, two traverses were located
down slope on the floor of the 700 m-wide “Pasarbubar”
crater.

An interpolated contour map of CO, concentrations was
derived using an ordinary kriging method (Surfer software),
which interpolates concentration values as weighted linear
combinations of neighbouring observations.

A north—south traverse on the lower slopes of the volcano
was surveyed during the fall of 2007, with a 10 m sampling
interval (198 sample sites), from an altitude of 1,000 m down
to an altitude of 700 m. Both CO, concentration and flux
were measured with the addition of He and Rn determi-
nations at specific sites where an electromagnetic anomaly
occurred (Kalscheuer et al. 2007). Radon was measured
by alpha counting of 125 ¢cm® ZnS scintillation bottles
with a 600 s integration time (Baubron et al. 1990, 2002).
Measurement reproducibility is better than 10%. §'°C
measurements of both high-temperature fumarolic gas
and low-temperature soil gases were performed after
collecting the gas phase in two evacuated glass vials.
Analyses were carried out using a Finnigan Delta Plus
mass spectrometer and the results are given in (d) notation
as per mil (%o) variations relative to the PDB standard
with an accuracy of £0.15%o.
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Soil gas flux traverses

Two hundred and twenty CO, flux measurements were
obtained by using accumulation of soil gas for about 1 min,
inalL, 0007854 m? chamber. Carbon dioxide concen-
trations in the chamber were measured every 5 s with an IR
spectrometer (EGM4—PP Systems, USA). Flows were
calculated from recorded raw data, using the theoretical
increasing function of gas concentration with time for
advective fluxes (Pinault and Baubron 1996; Welles et al.
2001; Baubron et al. 2004). This approach provides values
of both flux and gas concentration entering the accumula-
tion chamber. Uncertainties on individual measurements are
lower than 2%, which is much better than the uncertainty
due to field heterogeneity. Associated ground temperatures
were measured using a K thermocouple inserted to 0.1 m
depth.

Results
Summit area: structure from soil gas compositions

Carbon dioxide and He range from 0.04% to 46.4% and
from 4.57 to 11.97 ppm, respectively. The highest concen-
trations of CO, and He are typical of hydrothermal/
magmatic environments (Baubron et al. 1991; Allard et al.
1998). Low CO, contents may be related to altitude-
dependent production of biogenic C from plant respiration,
bacterial production and decomposition of organic material
(Williams-Jones et al. 2000).

At elevations above 2,600 m, the areas investigated lack
vegetation, therefore little to no biogenic-derived CO,
contribution would be expected. This is supported by
results from §'°C—CO, analyses of nine soil gas samples
collected in 2001 (—3.9+0.4%0 vs PDB), which showed
values almost identical to the 8'°C—CO, of the fumarolic
gases collected in 2001 and 2007 (—3.9%o0 and —4.3%o
respectively).

Four populations of soil CO, concentrations are associ-
ated with variations in soil temperature and moisture from
uprising steam and differing He concentrations (Fig. 2):

— Population T (154 samples with CO, ranging from
0.03% to 0.05%) are pure-air samples.

— Population II (68 samples with CO, ranging from
0.05% to 1%) represents local soil with atmospheric air
contaminated by a minor volcanic gas contribution and/
or a limited biogenic contribution. Both populations I
and II exhibit only atmospheric air He concentrations.

— Population IIT (51 samples, CO, ranging from 1% to
10%) represents sites with a significant contribution of
volcanic gases from depth, feeding a hydrothermal cell
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Fig. 2 Statistical distribution by classes of soil CO, concentrations
measured at the summit of Merapi. The limits of the classes of
distribution are shown at the upper lefi of each box

whose top remains below ground surface, as seen from
the lack of steam condensation at these points. At these
sites, He concentrations are significantly higher than
atmospheric air, but remain lower than 6.0 ppm. This
range of helium concentration indicates deep gas
leakage with subsequent dilution by atmospheric air
but without any evidence of surface degassing.

— Population IV (29 samples, CO, higher than 10%)
exhibits He anomalies, either up to 12 ppm or below air
concentration, the latter due to gas phase separation
processes in the hydrothermal cell. These sites corre-
spond to outcropping hydrothermal cells, with weak
steam emissions associated with frequent sulphur
deposits. Atmospheric air mixing with deep gas is
much lower within this population.

Figure 3 is a virtual profile drawn by using the three
most representative transects over the whole area, from the
summit fumarolic field to the summit crater rim and then
down to the Pasarbubar flat crater. It illustrates the similar
patterns of CO, and He concentrations as observed on
many other volcanoes, suggesting a common source for
both components. The profile shows a large spatial
heterogeneity of gas concentrations and highlights areas
with very high concentration gradients. The highest
gradient was detected on the eastern slope, with a dramatic
transition from concentrations as high as 10% to atmo-
spheric values (360 ppm) within about 30 m. A contour
map of CO, concentrations measured on the Merapi
summit is shown in Fig. 4. In order to use kriging in a
rigorous manner, such maps are usually based on uniformly
distributed points. The marked roughness and steepness of
Merapi’s summit area, however, did not allow a uniform
distribution of sampling sites. The derived interpolated map
should therefore be considered as a rough preliminary
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image of the degassing pattern through soils of the inactive
northern part of the summit cone. Figure 4 shows that CO,
concentrations strongly decrease from the summit area
down to the Pasarbubar crater rim. Both homogeneous
domains and interfaces can be outlined, these latter being
potentially related to crater rims.

Both the Pasarbubar bottom crater area and the lower
part of the summit cone (zone I), up to altitude about
2,820 m, displayed soil air with atmospheric CO, values.
Some slightly higher concentrations (up to 0.1%) were
observed in the lower area: these values are likely to be due
to additional biogenic CO, as they coincide with the first
signs of sparse vegetation. It is noteworthy that the cliff,
forming the Pasarbubar crater rim, does not display any
significant CO, leakage, unlike many major volcano-
tectonic structures.

Zone 1II is a concentric area westward and up slope of
Zone 1. It displays CO, concentrations up to 10%. Whilst
concentrations of biogenic CO, up to 5% can be measured
in the soil of tropical volcanoes, such values would not be
expected here as the area lacks any vegetation. The
boundary between Zones I and II matches well with the
1872 “Mesjidanlana” crater rim, in spite of a NE-SW
elongated area which displays higher concentrations (up to
about 10%). A high temperature spot occurs in the southern
part of Zone II, close to the intersecting 1904 crater rim.

Zone III, with CO, concentrations up to 46%, is located
up slope of zone II, close to the dome and fumarolic fields.
The boundary between zone II and III matches the 1932
crater rim eastward of the summit dome. Moist or steaming
ground is frequently encountered in this area, suggesting a

Fig. 4 Contour map of soil aF»
CO, interpolated concentra- il
tions measured on the flanks of
Merapi volcano. Linear kriging '
method with Surfer software
was used to interpolate data E
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convective hydrothermal cell close to the surface. Altered
ash and sulphur deposits are often present at such sites. The
SW transition from zone II to III is less pronounced, and
corresponds to the intersection between the NW edge of the
1932 crater rim and the circular truncated buried crater of
the 1953 eruption described by Camus et al. 2000 (Fig. 1).
Low CO, concentrations were measured in the transition
zone, indicating only a weak contribution of deep volcanic
gas, probably resulting from mixing with atmosphere.
Similar observations have been made at the summit of
other active volcanoes (Baubron et al. 1991; Pinault and
Baubron 1996; Giammanco et al. 1998; Hernandez et al.
2001). Nevertheless, low-CO, areas could produce rela-
tively high CO, fluxes despite low concentrations, since
some of the sites had fluxes of up to 400 g m ~ day ' (see
“Discussion”), although the CO, concentrations were only
a hundred parts per million above those of atmospheric air.
These areas are mainly found on the upper parts of the
slopes, probably as the result of combined wind-driven
pressure on the flank of the volcano and the heat released
from the whole summit, both resulting in a powerful
Venturi effect, sucking atmospheric air deep inside the
volcanic pile.

Summit area: soil CO, flux and temperature distribution

Fifty measurements of CO, flux and ground temperature at
10 cm depth have been performed in the summit area of
Merapi (Fig. 5). This zone is characterized by surface
fractures, either observed or inferred from ground defor-
mation measurements during recent episodes of unrest

9166700 ' '
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9166600 —

9166500 —

9166400
438700

438800

438900 439000

Fig. 5 Digital map of Merapi summit area (Beauducel, pers. comm)
showing site locations where measurements of soil CO, efflux and
ground temperatures were carried out. The main fractures described by
Beauducel et al. (2006) are displayed with black straight lines

(Beauducel et al. 2006). These fractures are interpreted as
mechanical discontinuities resulting from the motion of
isolated mobile blocks. Soil temperature (Fig. 6a and c)
ranges between 18°C and 80°C, testifying to a large thermal
exhaust from the whole summit. If we consider the entire
set of soil CO, flux and temperature measurements, no clear
correlation is observed between the two parameters (Fig. 6a).
In detail, however, two distinct populations of data can be
identified on this plot, a first representing most of the
surveyed area, with CO, fluxes lower than 750 g m > day '
and a second, corresponding to points measured near
faulted zones with crushed or altered rocks, characterized
by flux values higher than 1,200 g m > day '. At these
locations soil usually appears moist and associated with
sulphur deposits. However, similar surface features without
any CO, flux or any significant temperature anomaly are
also encountered close to these sites, suggesting that self-
sealing operates gradually and leads to a drastic decrease in
soil permeability within a few meters. The feature is
consistent with previous unpublished results obtained at
volcano summits (for instance Etna or Irazu) where
relatively high soil CO, flows are measured with only
very weak CO, concentration anomalies, at the ground
surface. For Merapi, the emanating soil CO, concentration
at the ground surface (i.e. the concentration of the gas
entering the accumulation chamber, given by the asymp-
tote of the fitting of concentration relatively to time)
reaches only 5,000 ppm above atmospheric air concentra-
tion, with different relationships with calculated flux
(Fig. 7). A huge inflow of atmospheric air inside the
terminal cone, from both wind pressure and thermal draft,
can explain this observation (Pinault and Baubron 1996).
Even if our data set is rather limited, these features indicate
that block boundaries are characterized either by high
flows with related temperature anomalies, or most often by
no flow zones, with or without soil temperature anomalies,
probably as the result of the self-sealing process mentioned
earlier. Thus, we can consider blocks as almost homoge-
neous degassing surfaces, and blocks boundaries as
peculiar areas with possibly high flows.

A rough budget of soil degassing through the non-
erupting portion of the summit cone during inter-eruptive
periods can be calculated using the 2007 measurements.
We assume (1) a geometry of half a cone with a 600 m
base radius and 300 m height and (2) CO, flux values of
240 g¢m > day ' for 90% of the surface and 1,480 g m > day '
for the remaining 10%, in accordance with the data set. This
latter value is assigned to block interfaces associated with
steaming ground where noticeable heat anomalies and high
CO, fluxes were measured. From this calculation, a total of
about 200-230 T day ' of carbon dioxide is released from
this part of Merapi's summit area, 50—60% from blocks
and 40-50% from block boundaries. The contribution of
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the Woro high temperature fumarolic field cannot be
considered in this budget since hot gases are absorbed
within the bulk convective plume released by the dome.
Soil CO, emission from the inaccessible southern half of
the cone is probably also incorporated into the summit
plume as a result of the steep topography and the
immediate vicinity of the active dome.

Southern flank: soil gas anomalies related to major flank
collapse-related structure

Using electromagnetic profiles, Kalscheuer et al. (2007)
postulated the existence of a major faulted structure below
the southern flank that could be an ancient avalanche
caldera rim connected to a deep hydrothermal reservoir. A
north to south 2,500 m long traverse of 208 sampling sites
(Fig. 1c) was carried out at “Waron” for soil CO,
measurements, along Kalscheuer et al. (2007) profile. Both
soil CO, concentration (at 50 cm depth) and surface flux
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at ground surface
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Fig. 7 Relationship observed at Merapi summit between CO,
concentration emanating at ground surface and soil CO, flux
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Soil temperature (T, °C)

ground surface. ¢ Frequency distribution of soil temperature (°C,
measured at 10 cm depth)

were measured. Soil CO, concentrations indicate a low
background level (0.35+0.01%; Fig. 8). The distribution of
CO, contents (Fig. 9) allows setting the threshold for
anomalous soil CO, concentration at 0.5%, regardless of
statistical method used (Sinclair 1974; Klusman 1993;
Chiodini et al. 1998; Baubron et al. 2002). Between sites
9158715 and 9158990 (Fig. 8), soil CO, concentrations
were frequently higher (up to twice) than the threshold
value. Soil gases from selected sites were also analysed for
He and Rn concentrations (Table 1). Helium indicates a
significant anomaly which can only be explained by deep
gas contamination (concentrations up to 5.282 ppm relative

1.2

A 1881 T o 9158990

9158715 ¢

9158000 9158500 9159000 9159500 9160000 9160500
UTM N (m)
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Fig. 8 a Soil CO, concentration values measured along the Waron
traverse. Empty dots with numbers indicate sites suitable for a
permanent monitoring of soil gases with radon automated probes. b
Soil CO, flux for the Waron traverse
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Fig. 9 Frequency distribution of soil air CO, concentration (a) and
soil CO, flux values (b) measured along the Waron traverse. Vertical
bars indicate anomaly thresholds

to atmospheric air (5.239 ppm), with a threshold value of
5.250 ppm). Radon concentrations were low (from about
1,000 to about 1,800 Bq m ) and consistent with a
generally low CO, flux that means the carrier gas is not
flowing fast enough to avoid almost complete Rn decay
before the gas reaches the surface. Nevertheless, He
indicates the existence of a deep gas leakage, which would
contribute to the slight increase in soil CO, concentration.

At Waron, the mean soil CO, flux is 37.8+1.4 g m 2
day ', and the threshold above which flows can be
considered as anomalous (due to either a higher biogenic
activity or a deep gas exhaust) is 50 g m > day . However,
field evidence (moist soils with particularly vegetation
development) suggests that the highest flux values are
related to biogenic activity.

Discussion

Merapi undergoes permanent volcanic activity, leading to
high temperatures below the central edifice (Commer et al.
2006). Tropical rainfall leads to huge meteoric inflows
through the young volcanic deposits at the surface.
Multiform fluid circulations and hydrothermal activity
resulting from these features have been already outlined
through conductivity and resistivity measurements (Muller
and Haak 2004; Commer et al. 2006), self-potential

mapping (Aubert et al. 2000), self-potential continuous
monitoring (Friedel et al. 2004) and geochemical character-
istics of high-temperature fluids (Zimmer and Erzinger
2003). Commer et al. (2006) suggested from resistivity
modelling the existence of both secondary minerals
derived from hydrothermal alteration and hypersaline
(~25 eq. wt.%) high-temperature fluids extending southerly
and heated by ascending lava and/or gas—steam mixtures.
Muller and Haak (2004) estimated the top of the saline
fluid body to be 300 m below Merapi summit. These
results strongly suggest the existence of a central hydro-
thermal system associated with magma-filled pockets or a
magma chamber, operating at various depths and charac-
terized by fluid transfer closely controlled by shallow
structural heterogeneities.

Carbon dioxide mapping at the surface (Fig. 4) exem-
plifies the control on fluid transfer exerted by major
volcano-tectonic structures. Carbon dioxide degassing
likely originates from either direct magma exsolution or
hydrothermal solution boiling, or both. Decreasing soil CO,
concentrations with increasing distance from crater may
suggest an inverse relationship between CO, concentration
at surface and the distance the gas has to rise, i.e. the longer
the route, the higher the dilution by air. Buried crater rims
related to major historical eruptions (1768, 1872, 1930-
1932, 1953) clearly act as boundaries confining concentric
areas.

These crater rims may act either as a sealed barrier (with
hydrothermal deposits) or as preferential channels for
meteoric fluid inflow. Secondary mineral precipitation is a
known process at active volcanoes, because the degassing
vapour interacts with meteoric waters and promotes
deposition of mineral sequences as a function of tempera-
ture, acidity and redox potential. Deposition upon cooling
of clays, alunite, anhydrite, pyrite and silica were described
by Giggenbach (1992). This scenario is compatible with the
results of recent ground resistivity measurements (Commer

Table 1 Selected soil gas compositions at Waron traverse

-3

X Y CO, He ppm Bqm
9159900 438842 0.760 5.282 1,210
9159900 438845 0.883 5.284 1,380
9159901 438848 0.860 5.282 1,740
9159901 438853 0.511 5.255 907
9159900 438838 0.854 5.271 1,670
9158990 438863 1.506 5.296 1,705
9158990 438867 0.464 5.249 1,596
9158990 438858 0.778 5.238 1,160
9158719 438835 0.869 5.216 1,233

Sampling depth of 0.5 m. Uncertainties on concentrations are: CO,:
+0.5%; He: +0.002 ppm; **>Rn: +10%. Displayed data are mean
values of duplicate samples
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et al. 2006), although Muller and Haak (2004) disagreed
with this hypothesis. Secondary mineral precipitation is
also suggested by density contrasts in the summit area
deduced from gravimetric imaging (Gunawan 2005).
Hydrothermal mineralization operates mainly along the
main pathways that allow fluid transfers, such as the former
crater rims, characterized by a drastic fall in permeability,
making these rims sealed barriers. On the other hand, the
crater rims may also undergo repeated downward meteoric
flushing due to heavy rainfall. The two mechanisms may
act together; the 1932 and 1872 (and maybe the 1769)
crater rims acting as impervious surfaces for downward
channelling of meteoric water. Figure 10 is a schematic
SW-NE cross-section of Merapi which displays the main
volcano-tectonic structures and the suggested upward and
downward fluid motions.

Plume Rainfall

SwW NE

C02=10.03-0.05%

/ (biogenic)

Pasarbubar
crater

2600 —

2500 —

2400 —

Bl magma feeding
NN  summit dome

[ ] hydrothermal cells

downward meteoric
water in flow

g CO2 migration

Fig. 10 Schematic cross-section of Merapi summit, showing a model
of fluids circulation based on the geochemical data obtained from the
present work. Also shown are the major volcano-tectonic structural
discontinuities, interpreted as old caldera rims. Altitudes in metres
above sea level

@ Springer

The scenario of CO, degassing in homogeneous con-
fined areas is not valid for two restricted areas. Firstly,
north of the 1932 crater rim, higher CO, concentrations (up
to 10%) seem to delineate a N40°E directed degassing
anomaly. This anomaly coincides with the 1953 crater rim
described by Camus et al. (2000). This matches the area
where large horizontal displacements are evidenced
from kinematic GPS measurements and interpreted in
terms of summit rigid blocks motion and active
discontinuities, among which is a N20°E active fracture
(Beauducel et al. 2006). This active structure is also
coherent with the 2D Bouguer gravity anomaly map of
the summit outlining separate blocks that match well the
horizontal displacements.

Secondly, the northern rim of the 1904 crater, which is
occupied by the Woro fumarolic field, displays extremely
variable CO, concentrations within 10 meters. This
suggests that both mineral sealing of the rim, leading to
low CO, degassing, and continuous motion of rigid blocks,
leading to new fracture generation and subsequent high
permeability, allow CO, degassing to operate within a very
restricted space. However, these exceptions to the overall
picture of confined and homogeneous low degassing areas
strengthen the hypothesis of a control of permeability and
degassing features by the major tectonic framework which
undergo either mineral sealing or fracturing.

Measurements of the crater SO, flux performed
routinely at Merapi indicate a mean flux of 100 T day ™’
during quiescent periods. Assuming a mean CO,/SO,
molar ratio of 3.5 based on high temperature gas analyses,
240 T day ' of CO, are emitted by the degassing dome.
The first estimate for the diffuse summit degassing of 200
to 230 T day ' for the non-erupting northern part of the
volcano is about half of the total output of CO, and
therefore must be considered when estimating the bulk
volatile budget during inter-eruptive periods.

On the lower southern slope (Waron traverse), the
location of the weak soil degassing anomaly fits quite well
with the structural model from Kalscheuer et al. (2007). In
detail, the anomaly is a small distance (about 250-300 m)
to the south of the inferred structure. This suggests a down
slope transfer of rising gases from the 450 to 900 m-deep
hydrothermal source proposed by these authors by shallow
underground water, although the observed shift may also
indicate an irregular shape of the collapsed caldera rim.

Conclusions

Substantial amounts of CO, are released through soils from
the flanks of Merapi summit. The estimated daily CO,
output from the upper non eruptive northern flank of the
volcano accounts for up to 50% of the total output during
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quiescent periods. Soil gas surveys indicate that dilution of
magmatic gases by massive inflow of atmospheric air into
the slopes of the terminal cone makes soil CO, concentra-
tion low, even for relatively high gas flows. This is
probably typical for summit soils of active volcanoes. The
main structural features of the summit are associated with
either CO, or soil temperature anomalies, fractures acting
mainly as sealed barriers, whereas heat and gas transfer
operate through isolated block junctions. This scheme is
consistent with recent models based on resistivity, conduc-
tivity, self-potential, gravimetry and ground deformation
studies.

A weak CO, and He degassing anomaly is located on the
lower southern flank of the volcano and related to an
expected deep hydrothermal reservoir connected to the
surface by a major ancient avalanche caldera rim. This site
has been equipped with a permanent monitoring station of
222Rn in soil air, radon being used as a tracer for gas flow.

Finally, diffuse degassing patterns help to constrain the
structure of Merapi. Large fractures retain high enough
permeability through time to allow permanent gas transfer
even at distance from the magmatic fluid circulation system
such as that linked to the ancient caldera rim. Conversely,
fractures close to the dome are quickly sealed by secondary
minerals, because they undergo severe mineral alteration
due to their proximity to the magmatic fluid feeding
system. Despite the small data set of soil CO, fluxes for
the non-erupting portion of the summit cone, it suggests a
significant contribution of diffuse degassing to the bulk
CO, budget of Merapi volcano.
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