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CO, flux from Javanese mud volcanism

M. QueiBer’, M. R. Burton'
and A. Harijoko®

, F. Arzilli*, A. Chiarugi?, G. I. Marliyani® (), F. Anggara® (),

'School of Earth and Environmental Sciences, University of Manchester, Manchester, UK, ?|stituto Nazionale di Geofisica e
Vulcanologia, Pisa, Italy, 3Geological Engineering Department, Universitas Gadjah Mada, Yogyakarta, Indonesia

Abstract Studying the quantity and origin of CO, emitted by back-arc mud volcanoes is critical to
correctly model fluid-dynamical, thermodynamical, and geochemical processes that drive their activity
and to constrain their role in the global geochemical carbon cycle. We measured CO, fluxes of the Bledug
Kuwu mud volcano on the Kendeng Fold and thrust belt in the back arc of Central Java, Indonesia, using
scanning remote sensing absorption spectroscopy. The data show that the expelled gas is rich in CO, with a
volume fraction of at least 16 vol %. A lower limit CO5 flux of 1.4 kg s~ (117 t d~") was determined, in
line with the CO, flux from the Javanese mud volcano LUSI. Extrapolating these results to mud volcanism
from the whole of Java suggests an order of magnitude total CO5 flux of 3 kt d~', comparable with the
expected back-arc efflux of magmatic CO,. After discussing geochemical, geological, and geophysical
evidence we conclude that the source of CO, observed at Bledug Kuwu is likely a mixture of thermogenic,
biogenic, and magmatic CO,, with faulting controlling potential pathways for magmatic fluids. This study
further demonstrates the merit of man-portable active remote sensing instruments for probing natural
gas releases, enabling bottom-up quantification of CO, fluxes.

Plain Language Summary Unlike volcanoes, mud volcanoes produce no lava but liquefied mud.
However, similar to volcanoes, they emit various types of gases, including the greenhouse gas carbon
dioxide (CO,). To better understand mud volcanoes and their role in the global carbon cycle, a quantification
of their CO, fluxes is critical. The island of Java (Indonesia) hosts many volcanoes and mud volcanoes

with unknown CO, output. Given the particular geology of Java, mud volcanoes may be connected to
volcanoes and CO, emitted by mud volcanoes may stem from the volcanic plumbing system. We measured
CO,, fluxes of the Bledug Kuwu mud volcano in Central Java, using a novel scanning remote sensing
spectrometer, which enabled us to measure quickly and from a safe distance. Our findings show that the
expelled gas is rich in CO, with a volume fraction of at least 16%. A lower limit CO, flux of 1.4 kg s~

(117 t d~") was determined, in line with the CO, flux from the infamous Javanese mud volcano LUSI. After
discussing geochemical, geological, and geophysical evidence we conclude that a fraction of the CO,
observed at Bledug Kuwu may be sourced from volcanic magma.

1. Introduction

The concentration of CO, in the atmosphere is a result of anthropogenic and natural CO, sources and sinks.
Natural sources include biogenic and geological processes such as metamorphic breakdown of carbonates
and magmatic degassing. Our quantitative understanding of the global geochemical carbon cycle is under-
pinned by empirical observations of the fluxes of CO, produced by geological processes [Le Cloarec and
Marty, 1993; Burton et al., 2013; Kelemen and Manning, 2015]. Magmatic emissions from volcanic centers
represent one of the key geological sources of CO, [Olivier et al., 1996; Gerlach et al., 2002; Etiope et al.,
2007, Burton et al., 2013; Lee et al., 2016].

Mud volcanism (MV) is produced by a combination of fault structures and sedimentary layers, often in
back-arc areas, which produce CO, that is usually of a combined biogenic and geological origin. MV is
the result of liquefied sediments and gases reaching the surface due to overpressure and buoyancy
[Milkov, 2000; Dimitrov, 2002]. MV is a common feature in tectonically active regions with a predominantly
compressive setting, such as in subduction zones. Thousands of mud volcanoes have been identified off-
shore [Milkov, 2000], and at least hundreds exist onshore [Kopf, 2002]. Their sheer number implies that
subaerial MV may contribute significantly to the atmospheric CO, budget and hence the geochemical
carbon cycle.
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Figure 1. Map of Java, Indonesia, and the mud volcano Bledug Kuwu (abbreviated as BK). The geological features were
compiled from Smyth et al. [2008] and Setijadji [2010].

Furthermore, owing to their common proximity to volcanic arcs, they may play a key role in the overall
picture of back-arc CO, emissions associated with arc volcanism, together with fore-arc and arc volcano
degassing [Ftiri et al., 2010, Giammanco et al., 2007; Westbrook and Smith, 1983]. Therefore, studying the role
of volcanoes in the global carbon cycle should include investigating CO, emissions produced by MV. If CO,
emitted by MV has a magmatic origin, the budget of mantle-derived CO, emitted by volcanism may have to
be amended and models that describe carbon transfer from slab to mantle wedge and exosphere updated
[Kerrick and Connolly, 2001; Connolly, 2005; Gorman et al., 2006; Poli et al., 2009].

The Indonesian archipelago located in the southern edge of Sundaland in Southeast Asia is extraordinarily
rich for both arc volcanism and MV [Barber et al., 1986]. However, relatively limited CO, emission data are
available. CO, emissions from these sources may contribute significantly to the country’s total carbon emis-
sion, in addition to those of anthropogenic origin. Therefore, in addition to purely scientific goals, motivations
to quantify natural CO, emission rates are hazard management and policy making regarding controls on
Indonesian carbon emissions.

Measuring gas emission rates (mass fluxes) requires gas concentration profiles and the transport speed
of the emitted gas. Owing to high background atmospheric concentrations, CO, concentration profiles
are usually obtained from grids of in situ measurements [e.g., Brantley and Koepenick, 1995; Shinohara,
2005; Herndndez et al., 2015]. These techniques are often time consuming and, especially at volcanic
sites and mud volcanoes, bear a safety risk. Remote sensing techniques provide a safe distance and a
spatially integrated measurement, yielding gas concentration profiles that can directly be used to com-
pute gas fluxes. Remote sensing is an established technique to measure volcanic SO, fluxes [Stoiber
et al, 1983; Oppenheimer et al, 1998; Burton et al., 2000; Duffell et al., 2001; Galle et al, 2003] and,
along with in situ data of CO, concentration, is used in a routine fashion to indirectly retrieve volcanic
CO, fluxes [Gerlach et al.,, 1998; Burton et al., 2013]. LIDAR technology has recently advanced sufficiently
to allow direct remote sensing of volcanic CO, fluxes, independent of sunlight [Aiuppa et al, 2015;
QueilSer et al., 2016].

In this study CO, from the Bledug Kuwu mud volcano complex located in Central Java, Indonesia, was probed
using a novel, portable CO, LIDAR. The large volume of mud extruded by this mud volcano limited access to
the main vent area, making CO, flux determinations using in situ CO, measurement techniques challenging.
This setting was therefore deemed ideal for a remote sensing instrument and, in particular, our recently
developed CO, LIDAR system [Queiler et al., 2016], due to its flexibility, portability, and ease of use. The
motivation for the campaign was twofold. First, the Bledug Kuwu MV complex underwent sampling of gas
emission and composition [Mazzini et al., 2012], but CO, fluxes have yet not been measured and a connection
to arc volcanism has yet not been discussed. Second, the measurement offered a possibility to deploy a man-
portable active remote sensing instrument developed for volcanic CO, detection for the first time at a
mud volcano.

QUEIRER ET AL.
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Figure 2. Snapshots of a bursting gas bubble of the main vent (vent Il) at the Bledug Kuwu complex. The bursts had a
duration of approximately ~2 s.

2. Geologic Setting of Bledug Kuwu

Bledug Kuwu is an active mud volcano located near the village of Kuwu in Central Java (Figure 1) in the back-
arc region of the Java subduction system [Whittaker et al., 2007]. The subduction process and its associated
arc volcanism shape the topography of Java [Hall and Smyth, 2008].

A lateral cross section of a subduction zone typically reveals a systematic series of components in the land-
ward direction: accretionary prism, fore-arc basin, arc volcanism, and back-arc region. In Java the geometry
of the back-arc regions varies but it generally forms an elongated E-W basin to the north of the volcanic
arc. The basin is filled by rapid sedimentation of terrigenous material [Smyth et al., 2005]. Persistent compres-
sive stresses deformed the sediments, developing an imbrication of fold and reverse faults observable today.

The topography of the back-arc region in the central and eastern part of Java is dominated by the prominent
fold and thrust belt of Kendeng (Figure 1). Rapid sedimentation combined with the increasing stress from the
subduction and vertical loading from the magmatic bodies creates favorable condition for the formation of
MV [Satyana and Asnidar, 2008]. This is the area where Bledug Kuwu and other mud volcanoes are located,
confined within a low relief zone. Within a radius of ~2 km around Bledug Kuwu are four other mud volca-
noes: Cangkring Bleduk, Bleduk Banjarsari, Bleduk Crewek, and Medang Kamolan [Istadi et al., 2012]. The
nearest active volcano is Mount Lawu, located about 60 km to the south of Bledug Kuwu as part of the
volcanic arc (Figure 1).

The Bledug Kuwu mud volcano complex forms a low relief, nearly flat surface, about 700 m in diameter. The
low relief of the crater and the dome indicates that the material is dominated by low viscosity sediments and
that the fluidity of the material is maintained by the release of liquid and gasses [Istadi et al., 2012]. The active
vent system consists of at least three eruption centers. Two main vents produce infrequent bursts of gas bub-
bles piercing the mud surface, forming semispherical shapes under the layer of mud, which then burst, splat-
tering mud in all directions (Figure 2). Eruptions appear infrequent but occur at least twice a minute. The
plume emitted at the main vents consists mainly of condensed water vapor that can be observed when
the bubbles explode (Figure 2). The explosion is followed by a quasi-concentric movement of the plume front
away from the center of the vent (Movie S1 in the supporting information) forming a ring pattern.

Seismic reflection profiles reveal that the disturbed zone associated with Bledug Kuwu is produced by the
upper part of Kujung formation passing Wonocolo formation and breaking onto the surface [Satyana and
Asnidar, 2008]. Analysis of microfossils contained within the solid material extruded by Bledug Kuwu indicates
that the source of the mud is located in the lower part of late Miocene Wonocolo shales about 2 km deep
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Figure 3. Overview of the measurement geometry at the Bledug Kuwu mud volcano complex and the CO, LIDAR used to
remotely measure CO, column densities. (a) The three positions taken by the instrument for the different data. Lines
indicate start and stop heading angles of the horizontal scans. Both horizontal scans were performed on 27 September
2016, while the vertical scans were carried out the 28 September 2016. The arrows perpendicular to the start angle lines
indicate the anticlockwise scanning direction. Roman numbers and arrows point to the vents where emerging bubbles
could be identified, with Il being the main vent. The red dotted line depicts the plane for the vertical scans. (b) Photo of
instrument while at position 1. (c) Scheme (not to scale) of the vertical scans depicting the instrument at position 3 (on
the railing inside a tower), the main vent probed and the distribution of the gas plume, the plume transport speed (pointing
perpendicular to the paper plane), and trees used as hard target, along with the ground. (d) Example of recorded tilt
angles of TX/RX unit from a tilt meter and straight line fit.

[Satyana and Asnidar, 2008]. However, the seismic reflection data leave room for the possibility that the mud
stems from early Miocene Tuban shales from 3 to 4 km depth.

3. Materials and Methods

3.1. The Measurement Instrument

The measurements at the Bledug Kuwu mud volcano field took place between the afternoon of the 27
September 2016 and morning of the 28 September 2016. The zone around the main vent of the mud field
was probed using a purpose-built active laser remote sensing spectrometer, the CO, LIDAR [Queil3er et al.,
2016]. It uses an ~ 1 W tunable near-infrared laser to illuminate a topographic feature behind the emitted gas
and a receiver telescope to collect the backscattered radiation while the laser is tuned across a CO, absorp-
tion band at 1.57 um. Figure 3a shows a map of Bledug Kuwu and the points where the instrument was
located for the acquisitions. An earlier version of the CO, LIDAR has been described in detail in Queiler
et al. [2016], but continuous development of the instrument means that the version used on Bledug Kuwu
has some key differences. The remote sensing spectrometer consists of a main unit (Figure 3b) and the
transmitter/receiver unit (TX/RX unit). The latter composes of the telescope, transmitter, and an integrating
sphere for power reference measurement. A main difference to the previous instrument is that instead of
interlacing two wavelengths on and off the CO, line, the CO, absorption line was sampled at 20 wavelengths
by tuning the laser across the absorption line, such that the absorption maximum was located at the center of
the wavelength sweep. A model absorption spectrum, the product of a background polynomial and the CO,
transmittance curve, was fitted to the 20 measured transmittances resulting in a best estimate of the path-
averaged CO, concentration. As shown by Abshire et al. [2010], this not only yielded additional information
in terms of changes in baseline compared with the two-wavelength approach but also proved to be more
robust to spectroscopic wavelength shifts and instrumental offsets due to wavelength dependencies (e.g.,
transmittance of instrument). In addition, for each retrieved value of CO, concentration an individual
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spectrum and a meaningful estimate of the quality (confidence) of that value are provided through the
model covariance matrix.

3.2. Measurement of CO, Column Densities

CO, column densities (in m~2) were retrieved as

In(min(F))

Ncol —
2Ac

M

Ao is the molecular absorption cross sections of CO, associated with the wavelength corresponding to the
absorption peak minus the absorption cross sections for the wavelength at minimum absorption (differential
absorption cross section). F depicts the best fit transmittance, i.e,, the fit of the transmittance values SR; mea-
sured at given wavelengths /; (i.e, the spectrum). At a given wavelength, the spectrum was retrieved as

N Sk
SR] - k=1 R_jk7 (2)
where Ns is the number of spectra to stack (to increase the signal-to-noise ratio) and S and R represent
the strength of the atmospheric return and the transmitted signal, respectively, measured at 20 discrete
wavelengths ;€ [1, 20]. Although not used for the flux retrieval, for illustrative purposes, column-averaged
path-averaged CO, mixing ratio (in ppm) were obtained from the column densities using

Ncol

—10° 3
Ny ’ @)

Xco, =

where Ny, (in m~3) is the dry air number density computed with knowledge of specific humidity, air pressure,
and temperature and r depicts the range to the hard target.

3.3. Retrieval of the CO, Flux

The CO, flux was computed as

MCO |
N > N, )

plume

(Dc02 =u

where u refers to the component of the plume transport speed perpendicular to the plane of the CO, con-
centration profile, i.e,, the component perpendicular to the plane of the scan. Mco, is the molar mass of
CO, (in kg mol™") and N, is Avogadro’s constant (in mol™"). The constant scan angle increment A8 was
retrieved using the start and stop angles fs and S of the scan as

ap=Le=bs (5)

NSpec

where N, depicts the total number of averaged spectra acquired during the scan. N°°'p| is the
background-corrected CO, column density (the plume column density) obtained as Ny = N — Ny,
where Nc°'bg is the background (ambient) CO, column density. r; is the range for spectrum i (or angle i
as there was one average spectrum per angle). In the present case where the CO, LIDAR was placed on
a tower and was scanning vertically, the angles were tilt angles and the range was computed as r; = %ﬁ,
where h is the height of the instrument over ground (height of the tower) and

Bi = Bs +iAB. (6)

To obtain u, the video tracking method described in detail in Queiler et al. [2016] was used.

QUEIRER ET AL.
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3.4. Error Analysis

Using error propagation, for a given scanning angle i (for clarity this index is omitted in the following
equations), the uncertainty of the column-averaged mixing ratio was calculated as

AXco,\2 [Ar\2 (AN
Xeo, ) ") T Ger) ”
The uncertainty of the CO, flux was evaluated using

2
X 5 E rANCOl ol E ArNCOl ol
AcI)COz -~ AupI + Plume + Plume (8)
[0) = u § col E col ’
CO, pl rN pl rN pl

Plume Plume

where the range uncertainty Ar was estimated as (vertical scans only)

() =)+ (=) + (3)
r h s p

where Ah is the uncertainty of h and o is the standard deviation of the tilt angle over the integration time per
angle and is a measure of the steadiness (or linearity) of the tilt angle versus time. o is significant as the scans
were carried out manually. o4 was retrieved from the asymptotic error of the linear fit of the recorded tilt
angles over time. Since the stop angle did vary between scans, a bias Afpi,s that takes this variation into
account was added. The bias was estimated as follows. The angle at which the signal disappeared indicated
the last useful data; since near 0 tilt angle the beam started to overshoot the trees at the opposite edge of the
MV complex used as hard target. That means that the stop angle (last angle of data with signal-to-noise-ratio
(SNR) >1) varied between —0.43 and —0.27°, adding a systematic error of Afias = 0.17°.

For a given angle i, the measurement precision AN“'in equation (7) was calculated as described in Queiller
et al. [2016]. In addition, it contains a variance accounting for the spectrum fitting error. This variance was
retrieved as follows. The covariance matrix diagonal element corresponding to the best fit column density
was, after taking the square root, scaled with the residual standard deviation of the fit (root-mean-square
error). The uncertainty of the plume CO, column density in equation (8) was estimated as

2 2
AN = (AN + gy, 2, (10)

where o), is the standard deviation of the mean ambient column density used as a bias estimate that
contributes to the uncertainty of the plume CO, column density.

4, Results

4.1. Static Measurement of the Main Vent

The CO, LIDAR was placed on a platform about 200 m away from the center of the mud volcano to mea-
sure background ambient CO, (Figures 3a and 3b). The ambient CO, concentration was obtained by
measuring CO, column densities at the edge of the mud volcano field using trees at 280 m distance as
a topographic target (the instrument was not scanned). The resulting column density was found to be
N“"bg = 2.74 x 10** m~2, which corresponds to a background CO, gas concentration of 410 ppm (equa-
tion (3)) with a precision of Opeol,y = 20 ppm. This is in agreement with expected background atmospheric

concentrations.

Just before the measurements commenced, the onboard range finder LIDAR of the CO, LIDAR ceased to
function due to humidity-related problems. This means that ranges could not be measured on site. As a solu-
tion, distances were retrieved in the postprocessing using Google Earth software and visual recognition of
the topographic features that were used as backscattering sources.

QUEIRER ET AL.
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Figure 4. Spectrum acquired at Bledug Kuwu. Shown is the observed spec-
trum measured at 20 points (stack of 10 spectra, integration time 0.5 s)
and the best fit transmittance.

The measurement strategy was
focussed on measuring the gas flux
produced by the main vent asso-
ciated with bursting gas bubbles.
The telescope was aligned such
that its optical axis passed just
above the height where ejected
gas bubbles reached, ie, ~ 1.2 m
above ground. The time between
the burst of the bubble (release of

gas started) and the end of the

ejection (bubble disappeared)
was typically between 1 and 3 s (Figure 2). To resolve these events, but ensure adequate averaging, the
integration time was set to 0.5 s, corresponding to 10 spectra (sweep rate 20 Hz) being averaged (stacked)
per retrieved CO, concentration value (i.e., per scan angle). This integration time was used for all measure-
ments. Figure 4 shows an example of a fitted spectrum used to compute CO, column densities or mixing
ratios (equations (1)-(3)).

Every 2 to 20 s or so a gas bubble was produced by the mud volcano, ejecting gases, including water vapor
and CO,, as well as mud. As the absorption strength of the ejected fluids and gases strongly varied the beam
was sometimes blocked by mud leading to poorly recovered spectra.

Using the approximate bubble diameter and the bubble frequency, a rough estimate of the expected CO,
flux was obtained from

3
7 d”Xco, pubbleMco,

Do, bubble = fbubble RV — an

where f, pple depicts the bubble burst frequency, d the bubble diameter, Xco, bubble the volume ratio of CO,
inside the bubble, and V,,, the molar volume of CO,. Although temperatures at seeps at Bledug Kuwu were
found to be between 28 and 30°C [Satyana and Asnidar, 2008], which is basically equal to the air temperature
in that area, the presence of condensed water in the bursting bubbles indicated that the water was boiling
and in the vapor phase with associated temperatures of at least 100°C when it reached the surface, in agree-
ment with observations from Mazzini et al. [2012]. Flickering air in an ~ 2 m thick layer just above ground
moreover indicated advection of hot air (> 30°C ambient temperature). Thus, to compute the molar volume
of the gas inside the bubble just before bursting a temperature of 100°C was considered. Half-spherically
shaped bubbles were assumed. The bubble diameter was obtained from calibrated video footage (the same
as used for the plume speed retrieval) and was ranging from 1.9 to 3.4 m (average 2.5 m). The main vent has

2400
2000 +
1600
1200
800
400 1+ !

Column averaged Xco2 (ppm)

T T T T T T T T T
13:03:00 13:04:00 13:05:00 13:06:00 13:07:00 13:08:00 13:09:00 13:10:00 13:11:00
Local time (GMT+7)

Figure 5. Static measurement of CO, from bursting bubbles. The graph shows path-averaged CO, concentrations from a
static measurement performed on the 27 September 2016, aiming ~ 1.2 m above ground, just above the bubble explosions,
which occurred ~200 m away from the CO, LIDAR. The instrument was located at position 1 (Figure 3a). The standard
deviation of the mixing ratios (error bars) varies and is on average 31 ppm as derived with equation (7) using a range
uncertainty of 20 m. There were bursts at least 8 times per minute. The blue bars indicate an example ensemble of visually
confirmed bursts. The major peak at 13:03:20 is related to at least eight bubble explosions. The dotted line indicates the
ambient CO, mixing ratio of 410 ppm.
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been probed for 30 min out of which
Figure 5 shows about 10 min. The
time series suggests that the volume

at bubble), which was passing the
bubbles at ~1 m horizontal distance,
and the dispersion of the CO,, the
bubble bursts identified visually do

§ of ejected CO, was very variable,
g o which was also indicated by the
: 0 5 10 15 20 25 30 35 40 45 50 inconstant sizes of the bursting
2 2000 - bubbles. Note that due to the limited
g 1600 - field of view of the telescope (~ 0.6 m
c b

£

=

Q

o

0 T T T )
0 5 10 15 20 not necessarily coincide with the
Heading (°) . . .
concentration peaks in Figure 5.
Figure 6. Horizontal scans of the main vent. (a) Scan from position However, as the larger concentration

1 (Figure 3a). The high mixing ratios between 0 and 5° are likely related tothe ~ peaks likely correspond to larger
smaller vent, which was located west (to the right). Vent Il is associated with  pubbles (or clusters of fast occurring
20° heading, while 30° coincides with the minor vent lIl. (b) Repeated scan
from position 2, 40 m west of the first one with a narrower scanning range
around the main vent, which is at 10°. The scanned sector corresponds to

the sector between 10 and 29° in Figure 6a. The dotted line indicates the Automatically counting the peaks
ambient CO, mixing ratio of 410 ppm. associated with CO, mixing ratios

above average ambient mixing ratio
plus twice the standard deviation (20,\,@bg = 40 ppm) yielded a bubble burst frequency of 0.15 + 0.04 s~
or 9 £ 2.4 per minute. This is consistent with the estimated frequency of 7.5 explosions per minute from
visual observation using the video footage. The bubbles were assumed to contain CO, only (i.e., bubble
volume ratio Xco, bubble = 1), Yielding an upper limit flux of 0.9 + 0.5 kg s, just for the main vent, where
for the uncertainty in bubble frequency and diameter is accounted for. Note that mainly due to the assump-
tion of a single bubble bursting at a time and the semispherical shape assumption, this is a rough estimate
merely yet providing an order of magnitude estimate of the CO, output of Bledug Kuwu.

bubble bursts) they should coincide
more than the smaller peaks.

4.2. Horizontal Scans

Since the gas plume advected horizontally, horizontal scanning of the plume was not adequate to retrieve
the CO, flux, but it yielded valuable information about the shape and extension of the plume. Six consecutive
scans were performed from two different instrument locations near each other (Figure 3a). Since the forest
behind the mud volcano complex was used as a hard target, using Google Earth and the start and stop head-
ing angle of the scans, the ranges could be reconstructed. This resulted in a larger range uncertainty, which
was considered 20 m for all ranges (error assessment follows in discussion).

The TX/RX unit was rotated around the vertical axis with a velocity of 4 mrad/s (0.24°/s), corresponding to
~80 cm/s at the vent location, and was scanning the main vent (position 1, Figure 3a). The beam propagated
~1.5 m above ground, which means that it would pass undisturbed by most of the aerosols and mud expelled
from the bubble bursts below it but would probe the gas expelled by the bubble. For some heading angles
the laser may have been scattered not by the trees but by small water droplets or mud around the location of
the vent. The resulting CO, mixing ratios are shown in Figure 6a. The sector associated with the circular zone
of CO, propagating from the main vent outward corresponds to the angles between about 17° and 36°,
associated with a lateral dimension of ~60 m. Interestingly, the minor vent (vent Ill, Figure 3a), which
coincides with the twin peak near 30° has associated mixing ratios of magnitude equal to those near the
main peak at 20° (associated with vent Il). The oscillations between 41° and 50° are likely due to a changing
hard target distance (such as tree lines at closer distance), which was difficult to discern without on-site
range data. Mixing ratios far below the ambient level may indicate short ranges and that the beam was
reflected by flying debris or dense condensed water vapor. The data were not omitted as the spectra were
well recovered.

A repeated scan from a point 40 m close to the first instrument location (position 2, Figure 3a) showed a sym-
metrically decaying CO, concentration peak for the location of the main vent (10°, Figure 6b). As opposed to

QUEIRER ET AL.

CO, FLUX FROM JAVANESE MUD VOLCANISM 8



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2017JB013968

the scan before in Figure 6a, the CO, mixing ratio for vent lll (near 17°) is not very high. However, there are
peaks near 3 and 4°, which correspond to the zone ~ 16 to 18 m west of the main vent (ll). This area was
in immediate reach of the concentric waves of gas emerging from the main vent, which have likely caused
these peaks.

4.3. Vertical Scans and CO, Flux Retrieval

To obtain the CO, flux, the CO, concentration profile perpendicular to the propagation vector of the gas
plume was needed. As the gas plume propagated horizontally (Movie S1) this required a vertical scan of
the plume. Due to logistical constraints, the available equipment included neither tripod nor step motor. It
was therefore decided to attempt a manual scan using the handrail of an observation tower as a mechanical
support. This was an opportunity to assess whether the CO, LIDAR would provide useful data in hand-held
operation. With the TX/RX unit placed on the handrail the instrument’s height above ground was
h = 5.3 m. The telescope’s line of sight was intersecting the plume transport direction perpendicularly
(Figures 3a and 3c). The scanning plane was located downwind, ~ 17 m west of the main vent (ll). This means
that the measured flux would correspond to the combined output of vents Il and Ill (Figure 3a). Starting from
atilt angle of —4° (—0.07 rad), the TX/RX unit was manually moved upward so that the tilt angle was gradually
increased until it reached 0. After a few trial runs the vertical scans were rather smooth, indicated by the lin-
earity of the tilt angle with time. This is shown in Figure 3d for one of the scans along with the linear fit. The
maximum asymptotic error oz=3 X 1072 °/s (0.05 mrad/s) of the linear fits of all scans was used as the tilt
angle random error (standard deviation of the tilt angle, equation (9)). This corresponds to 8% of the scanning
rate of 0.036°/s (0.6 mrad/s). The telescope was thus considered moving steadily. As before, spectra were
acquired continuously at a rate of 20 Hz (50 ms sweep time per spectrum) and saved to disk each 0.5 s.
Each tilt angle i was associated with a stack of 10 spectra (0.5 s integration time). Nine repetitions of the scan
were recorded. The resulting CO, column densities and mixing ratios as a function of tilt angles and corre-
sponding hard target ranges are shown in Figure 7. Despite the irregular degassing activity, both in terms
of frequency and in terms of ejected volume (varying bubble size), column-averaged maximum mixing ratios
usually peak around 1500 ppm, for some scans (e.g., Figures 7a, 7¢, and 7d) much higher than that, up to at
least 2400 ppm. The center of the mud volcano mouth was located at a range of 230 m. Although these peaks
fluctuate from scan to scan, the highest mixing ratios are predominantly found near that range, between
~130 and ~300 m. This range is consistent with the observed maximum water vapor plume extent, indicating
the minimum radial extension of the CO, plume.

The prevailing transport direction of the plume was toward northwest, explaining a possibly a concentric
distribution of the plume. This may have led to higher CO, concentrations toward north, that is, toward
the instrument position. It is also important to note that the Xco,represent total column-averaged mixing
ratios, which include ambient CO,. So with increasing range the relative contribution of the plume CO, to
Xco,decreases.

There is a reoccurring peak near 120 m. An explanation could be that due to the reoccurrence of bubble
explosions, peaks farther away from the vent stemmed from previous bubble explosions seconds before.
On the video (Movie S1) this is revealed by concentric waves of condensed water vapor overriding each other
as they propagate along the ground. The same was probably true for the CO,.

The column density remains high after the bubble center (after ~270 m). Note that the range increased
nonlinearly with tilt angle, which means that the associated column densities correspond to much lower
CO, mixing ratios (Figure 7). Assuming an air density of ~1.2 kg m >, even at a gas temperature of 100°C upon
exiting the vent, the CO, density would still have been higher than the air density. The CO, therefore would
have still not been buoyant but held down by gravity. However, the instrument might well have been prob-
ing plume CO, at ranges >400 m, due to the quasi-steady supply by the vents and the fact that for a given
vertical scanning angle the laser beam height above ground geometrically decreased (Figure 3c). For
instance, for the given range of r = 660 m, the height above ground for 230 m, 300 m, and 400 m away from
the instrument was 4.7 m, 3.3 m, and 2.5 m, respectively. This is of the order of the bubble diameter.

The vertical plume velocity component was zero. The horizontal transport speed was remarkably constant
and associated with a constant progression of the plume fronts emanating from the center of the puddle
(the bubble burst zone), which were tracked. A single value for the plume speed resulting from the
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Figure 7. (a-i) CO, column densities and converted mixing ratios for the vertical scans. The scans were acquired on the 28 September 2016 between 7 h11 and
7 h47 AM. local time. They are presented in the order they were carried out. Each scan took ~1 min and was spanning the complete extension of the mud vol-
cano field. The column densities resulting from these scans were used to compute the CO, fluxes in Table 1. The grey shaded area depicts the ambient CO, mixing

ratio of 410 ppm.

average of tracks of 25 different fronts was retrieved. The transport speeds of the different tracks ranged

from a minimum of 0.36 m s~' to a maximum of 1.2 m s~' with a mean of 069 m s~ and standard

deviation of 0.23 m s~ .

For each scan the CO, flux was computed using equation (4) and the uncertainties using equation (8). The

results are presented in Table 1. The average flux of all nine scansis 1.4 +0.8kgs ' or 117 +68tdor43ktyr .

It agrees with the flux estimated for vent Il of 0.9 + 0.5 kg s~ using equation (11). Note that 1.4 kg s~
accounts for both vents Il and IIl.
However, the video footage revealed

Table 1. CO, Fluxes From the Vertical Scans® that bubble explosions at vent Il

Scan Flux dco, (kgs~')  were at least 20 times less frequent
7 207 + 1.01 and the bubble diameter is about 3
b 1.49 + 0.91 times smaller, implying that, given
c 137 £ 0.69 the error bars, 1.4 kg s~ represents
d 1.86 £1.36 the flux of the main vent Il to
: 1422078 first order.
f 0.89 = 0.65
g 0.69 £ 0.32
h 0.90 = 0.56
i 1.55 + 0.81 5. Discussion

*The fluxes were obtained by integrating over the whole profile, start- 5.1. Uncertainties

ing from a range of 100 m. The scans are identified with the same letter he SNR ibuted .
as in Figure 7. The horizontal transport speed was found to be The SNR contributed an uncertainty
u=069 023 ms . The mean of all nine flux values is 1.4+ 0.8 kg s~ ' of ~2% of the column density,

=1
(117 +x68td ). whereas the fit contribution varied
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between 4% of the column density for a smooth spectrum and 20% for a noisy spectrum. The resulting rela-
tive uncertainty ofNC°'p| was between 4% and 30%, mainly depending on the quality of the fit, which in some
cases dominated the uncertainty.

For the vertical scans, the fit error alone contributed an uncertainty of the CO, flux of 44% on average.
Highest fit errors are produced from relatively noisy spectra collected in the near and the very far range mea-
surements. For the shorter ranges (< 150 m) speckle noise contributes significantly [QueiBer et al., 2016]. For
the longer ranges the angle increment A produced a field of view, which included a wide topographic target
range (e.g., ~0.5 m near 0.07 rad versus ~25 m near 0.01 rad). Along with bushes and trees that were found
near the edge of the mud volcano this significantly altered the target reflectivity during each sweep, produ-
cing an additional interfering signal in the transmittance spectra. Furthermore, it was raining during the ver-
tical scans (see Movie S1). Other than an increased light extinction and thus noisy spectra, particularly for the
longer ranges, this gave rise to an angle-dependent noise contribution [Roy and Bissonette, 2001]. Water pud-
dles at places produced reflectivity patterns of small-scale (~m) heterogeneity (mud versus water) that could
have introduced noise in the spectra, especially those collected at longer range.

One should also mention that the relatively short integration time of 0.5 s (stack of 10 subsequent spectra)
was contributing to a rather high fitting error. On the other hand, a short integration time was needed to
account for the plume dynamics, so that the “frozen plume” assumption holds.

As far as the range error is concerned, for the horizontal scans and the static measurement, the lack of range
data entailed an increase in range uncertainty from <1 m (with the range finder) to 20 m. For the vertical
scans the range uncertainty is accounted for by the angle uncertainty (equation (9)). For the horizontal scans
the increase in range uncertainty corresponded to an increase in uncertainty of the CO, mixing ratios of up to
40%, depending on the range and relative error of the column density (equation (7)). For the vertical scans,
the lack of the range finder entailed an increase in flux uncertainty between 5% (scan d) and 10% (scan a).

Temperature and pressure uncertainties cause an uncertainty in differential absorption cross section,
which contributes to the error of the CO, column density. The pressure was steady. Assuming a realistic
temperature uncertainty of 2 K, the error of NC"'p| due to temperature uncertainty was only 0.3% and hence
was neglected.

5.2. Context of the Bledug Kuwu CO, Emissions

Given that the Bledug Kuwu is a local tourist destination and visitors approach the main vent as close as 20 m
(based on our observation), it is beneficial to assess CO, emissions from a health and safety perspective.
Measured CO, mixing ratios in the vicinity of the main vent (~ 80 m around the crater) were found to reach
up to 2400 ppm, that is, averaged over the path length (Figure 7). In terms of personal health and safety this
value is well below the threshold of 5000 ppm per 8 h exposure [EH40/2005, 2011]. A high-risk column-
averaged concentration (> 15,000 ppm over 15 min) would only be caused if there was an area of a few
meter size with nearly pure CO,, for instance, a 2.5 m path (to take the average size of a bubble) consisting
of 90% CO,.

The retrieved CO, flux of 117 t d~ " is in line with that measured at the LUSI mud volcano, also located in the
Kendeng Basin, 180 km east of Bledug Kuwu (Figure 1), which was reported to be between 35 and 160 t d-’
[Vanderkluysen et al., 2014]. This order of magnitude of CO, flux compares with the lower end of volcanic
emission rates, such as Vulcano, Italy [Gerlach et al., 1997], and, by itself, is dwarfed by the anthropogenic car-
bon emissions in Indonesia, which are of the order of 274 kt d ™' (http://cdiac.ornl.gov/trends/emis/ido.html).
For a comparable emission rate, hundreds of Bledug Kuwu-like emitters would be necessary.

It is not straightforward to provide an estimate of the total CO, flux of Javanese back-arc MV since there is no
comprehensive summary of all Javanese MV, and the number of MV in the literature is inconsistent between
different sources [Satyana and Asnydar, 2008; Guntoro, 2011]. Moreover, MV may sometimes not be defined
as such. For instance, Kamojang, located in Western Java, is characterized as a geothermal field with mud
pods [Setijadji, 2010]. In addition, the CO, content of the gas emitted by Javanese MV generally varies
strongly. For example, the molecular composition observed for gas emitted by different MV near LUSI varied
between <1% and 99 vol % of CO, [Mazzini et al., 2012]. Nevertheless, encouraged by the similarity of the
CO, flux between LUSI and Bledug Kuwu, we attempt at least an order of magnitude estimation. A
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Table 2. CO, Volume Fraction in Gas Released From 28 Javanese Mud Volcanoes, Using Literature Values®

Name of Mud Volcano

Reference

CO,, Fraction in Vol %

Central Java and East Java

Sidoarjo (LUSI) Mazzini et al. [2012] 1to 90
Gunung Anyar Mazzini et al. [2012] 18
Kalang Anyar Mazzini et al. [2012] 3t09
Gunung Sening Mazzini et al. [2012] 04
Pulungan Mazzini et al. [2012] 4
Pangangson Mazzini et al. [2012] 6to7
Kepulungan Mazzini et al. [2012] ND
Gunung Bulag Mazzini et al. [2012] 2.5
Songgoriti Mazzini et al. [2012] 99
Cangar Mazzini et al. [2012] ND
Pacet Mazzini et al. [2012] ND
Gresik Guntoro [2011] ND
Dawar Andong Guntoro [2011] ND
Denanyar Guntoro [2011] ND
Probolinggo Guntoro [2011] ND
Socah (Madura Island) Satyana and Asnidar [2008] ND
Bledug Kuwu This work >16
Cangring Bledug Istadi et al. [2012] ND
Bledug Banjarsari Istadi et al. [2012] ND
Bledug Crewek Istadi et al. [2012] ND
Medang Kamolan Istadi et al. [2012] ND
Sangiran McLachlan-Karr et al. [2009] ND
Tuban McLachlan-Karr et al. [2009] ND
West Java

Kamojang Setijadji [2010] ND
4 near Ciuyah (names unknown) Satyana and Asnidar [2008] ND

®For values by Mazzini et al. [2012] the water volume fraction was not considered.

conservative number of Java's subaerial MV is 28, of which 23 are located in the eastern half of Java (Table 2).
The highest MV density is found in the province of East Java. Extrapolating the fluxes of LUSI and Bledug
Kuwu on all Javanese MV yields an order of magnitude CO, flux of 3 kt d~'. Mount Merapi's CO, flux is
~600 t d~' (vented + diffuse slope degassing) during quiescent periods [Toutain et al., 2009]. Extrapolating
this value over the 20 or so, actively degassing Javanese arc volcanoes yields a ballpark figure of
~12 kt d™" for the CO, emitted by Javenese arc volcanism. This implies that the extrapolated CO, flux
from Javanese back-arc MV accounts for 3/12 or 25% of the CO, flux from arc volcanism in Java. In
general, the back-arc diffuse degassing of magmatic carbon is estimated to account for roughly 26% of
the carbon flux of arc volcanoes at subduction zones [Kelemen and Manning, 2015]. If assumed that back-
arc outgassing of magmatic carbon occurs mainly via CO,, this suggests that the extrapolated mass of
carbon emitted by Javanese MV is comparable with the mass emitted by back-arc diffuse outgassing (not
emitted by arc volcanoes). The question arises whether some of the CO, emitted by the back-arc MV is of
magmatic origin.

5.3. Origin of the CO, Emitted at Bledug Kuwu

Here we examine possible sources of CO, emitted at Bledug Kuwu. We highlight that our data do not permit
an unequivocal conclusion with regard to CO, sources; however, the key mechanisms can be examined
and compared. A major constituent of the gas emitted at Bledug Kuwu is water vapor. This is apparent from
visual observation of the bubbles, which upon bursting produce abundant condensed water vapor fumes
(Figure 2), suggesting decompression of water vapor to drive the explosions. The fact that one can observe
a point source of expelled CO, and since the CO, is expelled along with water suggests that CO, was origin-
ally dissolved in water in the saturated zone. In this sense the eruption can be modeled and characterized as a
geyser. We therefore adopt the conceptual model of a geyser [Lu et al., 2005], which consists of a conduit
between the surface and an underground chamber where liquid is heated, decreases in density, and ascends
up the conduit to the surface, boiling during ascent. Such a conduit is consistent with the general
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understanding of mud volcanoes as soft matter migrating toward the surface through low-pressure channels
in the form of liquid mud diapirs and gas.

The eruption mode at Bledug Kuwu is similar to LUSI [Mazzini et al., 2012] and can be characterized by a churn
flow regime, that is, a multiphase gas flow with interacting bubbles upon boiling [Vanderkluysen et al., 2014].
CO, is considered to have been dissolved in the aquifer water before exsolving during ascent or in a shallow
storage zone. It is assumed that all water evaporates completely upon the bubble explosion, so that all CO,
separates from the water. The molar ratio between water vapor and CO, observed after the bubble explosion
therefore represents, to first order, the molar ratio in the subsurface when CO, was dissolved in the water.

In addition to water vapor and CO,, mud volcanoes may emit methane and other gases. Since our CO,
LIDAR measured CO, only, trace gas compositions of the bubble could not be analyzed. Mazzini et al.
[2012] reported, however, that the gas expelled at Bledug Kuwu is dominated by CO,. This is in line with
Satyana and Asnidar [2008], who stated that the emitted gases at Bledug Kuwu have been reported to be
mainly H,O and CO, with traces of H,S. We therefore assume that the methane content of the gases
expelled at Bledug Kuwu is present in low amounts and it is not considered in our mass balance calculation.
The ejected liquid is thus treated as a two-phase mixture of muddy water and a gas phase of water vapor
and CO,. Using equation (11) and plugging in the flux obtained with the CO, LIDAR and solving for
Xco, bubble Yields a CO, volume fraction of 1. The inputs for equation (11) have significant uncertainties.
Considering the maximum error caused by the uncertainties of the flux, bubble diameter and bubble fre-
quency yield that a minimum fraction of 0.16 of the volume of the ejected bubbles at the main vent at
Bledug Kuwu was occupied by pure CO,.

Considering that both CO, and water vapor are at the same temperature and pressure implies that their
molar ratio is at least 16:84 or 0.19. For simplicity we consider that all the CO, is dissolved in brine up to a
certain depth (and pressure). Then Henry's law can be employed together with the molar ratio of H,0 vapor
and CO, gas to estimate the subsurface pressure at which CO, exsolved from the brine. A gas temperature of
100°C upon piercing the surface is considered here. Considering a water density of 1030 kg/m® using the rela-
tionship of Crovetto [1991], the Henry volatility constant is retrieved as 96 L atm mol~". Neglecting the fact
that the salt content in the brine decreases solubility and that the molar ratio of 0.19 of CO, is a lower limit
and considering the geothermal gradient with temperatures at the Kendang base likely higher than 300°C
[Nurhandoko et al., 2016; Putra et al., 2016] yields a pressure of at least ~106 MPa or a minimum dissolution
depth of 10 km.

The large negative gravity anomaly of the Kendeng zone [Smyth et al., 2008] indicates a deep sedimentary
basin with an average sediment thickness of ~6 km that may reach down to 10 km below where Bledug
Kuwu is located [Untung and Sato, 1978; Waltham et al., 2008]. It is therefore possible that the CO, observed
at Bledug Kuwu originated from the basement of the Kendeng Basin or from below.

Mazzini et al. [2012] noted that samples taken at different vents at mud volcano sites may exhibit different
isotopic signatures, suggesting mixed sources of CO,. For instance, at LUSI three samples suggested volcanic
origin of the CO,, while the majority of samples taken at LUSI pointed toward an organic origin of CO,.
Setijadji [2010] considered Bledug Kuwu not being linked to a volcanic center. This is supported by
the reported 6'3C of the CO, of —18.8%0 measured at Bledug Kuwu, which indicates an organic origin
of the CO,, such as from decarboxylation of kerogen [Mazzini et al., 2012]. Potential CO, source rocks include
the kerogene bearing, 4400 m deep Ngimbang rock formation [Mazzini et al, 2012], and the deeper
Paleocene pre-Ngimbang formation [Satyana and Purwaningsih, 2003; Wiloso et al., 2009]. The corresponding
depth region near the base of the Kendeng Basin (Eocene) is, however, poorly studied and leaves room
for alternative sources. As it is located in a setting favorable for hydrocarbon production [Satyana and
Purwaningsih, 2003; Wiloso et al., 2009], it is remarkable that Bledug Kuwu is dominated by emission of
CO, rather than methane. This advocates the prospect that at least to some extent the CO, may originate
from oxidation of methane via reduction of pyrite and SO, [Seewald et al., 1994; Mazzini et al., 2012].

Java is located in a tectonically active region with extensive deformation observed throughout the arc.
Thrusting once displaced some of the early Cenozoic volcanic arc to which Mount Muria belongs northward
(Figure 1). Central Java hosts a series of these northward directed thrusts [Clements et al., 2009]. Bledug Kuwu
and other MV of Central Java are mainly located along the NE-SW Kendeng Fault, which is dominated by
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CO,; in gases emitted from arc volcanism
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Figure 8. Conceptual model of the subduction zone beneath Bledug Kuwu MV in Central Java and blowup of the Kendeng
Basin hosting Bledug Kuwu MV. The length scale is in kilometers. Kendeng Basin faults have been compiled after Waltham
et al. [2008]. Curved arrows indicate upward migrating volcanic fluids and partial melts within the Merapi Lamu velocity
anomaly (MLA) [after Wagner et al., 2007; Koulakov et al., 2009] containing disolved CO, from decarbonation. The Kendeng
Basin contains brine-saturated sediments and shales (e.g., Wonocolo and Ngimbang). Beneath Bledug Kuwu an upward
convex mud diapir (not to scale) is fed by brine-saturated sediment layers. As they cool, partial melts and volcanic
liquids pond beneath the basin basement or enter the basin via faults. Between 15 and 11 km depth CO, could exolve from
the partial melt, potentially migrate through faults, and dissolve into sediment brine, which moves upward. As depth
decreases the mud diapir forms. With pressure decreasing, close to the surface, the uprising muddy brine boils with large
bubbles piercing the surface, releasing water vapor and CO,. Not shown are other potential CO, source mechanisms
involved, such as contact metamorphism, oxydation of methane, or decarboxylation.

thrusting. Some of the folds and thrusts are torn by strike-slip faults oriented obliquely to the trend of the
thrust fault and fold axis. Many of the mud volcanoes are found in the intersection of these structures. The
association of mud volcanoes with these structures suggests that faulting and folding are the chief control
of MV emplacement in the region [Setijadji, 2010; Roberts et al., 2011]. These faults on Java are potentially
acting as a pathway for hydrothermal fluids to the surface [Mazzini et al., 2014].

It is peculiar that some of the MV are methane dominated and associated with colder temperatures <100°C
[Mazzini et al., 2012], while the CO,-dominated MV emissions are hot, such as Bledug Kuwu and LUSI. A CO,
dissolution depth of 10 km or more below Bledug Kuwu would likely be in reach of rising volcanic fluids. This
raises the possibility that in the Bledug Kuwu case an igneous intrusion or magma storage zone may be both
a source of heat and CO,, leaking into the sedimentary basin through fractures. Mazzini et al. [2012] postu-
lated the occurrence of a magma chamber at 6 km depth that may interact with sediments at the base of
the Kendeng Basin.

Earthquake attenuation tomography is capable of outlining zones of high attenuation and seismic velocity
anomaly, such as caused by magma. Bohm et al. [2013] performed seismic attenuation tomography using
arrivals from earthquakes down to 200 km depth below Central Java. The model resolution of 15 km vertical
and 30 km horizontal was too coarse to help differentiate between zones of high temperature, such as
magma intrusions, and the water-saturated sediments of the Kendeng Basin, which also strongly attenuate
seismic energy. Their models suggested fluid-saturated sediments down to 15 km depth at the Kendeng
Basin. The findings, however, did not indicate a large-scale, high attenuation channel between partial melt
zones of the volcanic centers (<15 km to 30 km depth) and the Kendeng Basin, which would imply pathways
for magma, partial melts or CO, rich fluids.

In line with the high attenuation at the location of the Kendeng Basin, passive seismic velocity tomography
performed by Koulakov et al. [2007 and 2009] and active seismic tomography carried out by Wagner et al.
[2007] indicated the occurrence of a strong low-velocity anomaly (Merapi Lawu anomaly, MLA) north of
the volcanic arc, reaching at least until Mount Lawu to the east (Figure 1). They explained the anomaly by
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thick sediments, saturated with fluids and gases, and also magma and partial melts. Unlike the seismic
attenuation model of Bohm et al. [2013], their velocity models suggested the MLA to continue until the sub-
ducting slab, that is, beneath the volcanic arc at ~120 km depth. Their model therefore indicates a potential
pathway of magmatic CO, into the Kendeng Basin. It is possible that melts or partial melts reach the base of
the Kendeng Basin where their temperature is lowered by relatively cold sediments of the Kendeng Basin,
which are sealing off the hot volcanic fluids [Koulakov et al., 2007] or allow small amounts of volcanic fluids
to penetrate the sedimentary layers near the basement base [Wagner et al., 2007; Koulakov et al., 2009].
Koulakov et al. [2009] furthermore suggested the possible presence of magmatic lenses reaching up to
11 km depth. In summary, based on seismic tomography, magmatic CO, could indeed reach the Kendeng
Basin, be dissolved in brine, and eventually be expelled via mud volcanoes. Figure 8 illustrates this possibility
by showing a potential pathway of magmatic CO, into the mud diaper of Bledug Kuwu. But owing to the
limited resolution of ~15 km of the data, this remains a possibility rather than a fact.

In the light of a mixed origin of the CO, not all of the CO, reaching the surface is dissolved below 10 km. More
likely, an unknown amount of magmatic CO,, corresponding to a fraction of the measured 1.4 kg s~ is dis-
solved at depths of 10 km or below, while biogenic and thermogenic CO,, dissolve at shallower depths, for
instance, at ~4000 m within the Ngimbang rock formation. This means that the CO,/H,0 molar ratio at a
given depth and the nucleation depth of CO, bubbles are unknown.

Given all evidence combined, it is likely that the CO, emitted at Bledug Kuwu is a mixture of thermogenic or
biogenic CO, and magmatic CO,. Volcanic fluids and melts could also catalyze CO, production. As speculated
for the alike LUSI [Mazzini et al., 2012], rocks near the base of the Kendeng Basin could be affected by intrud-
ing magma or partial melts and, due to the heat supply, promote thermogenic production of CO, from the
limestone basement of the basin through contact metamorphism.

Although geological, geophysical, and geochemical mapping has been done for Central Java, at the current
stage more confining evidence, particularly of the geochemical sort, is necessary to exclude that CO,
expelled by Bledug Kuwu and other MV in Central Java is not of volcanic origin. A powerful yet inexpensive
approach compared with, for instance, high-resolution seismic could be to measure CO»/*He ratios.

6. Conclusions

Studying the quantity and origin of CO, emitted by back-arc mud volcanoes is important to correctly model
the thermodynamics and geochemistry of arc volcanoes and to constrain their role in the carbon budget and
hence the global geochemical carbon cycle. Using remote sensing laser absorption spectroscopy, an average
CO, flux of 1.4kg s~  or 117 td™" (43 kt yr™") was found at Bledug Kuwu mud volcano. The flux stems from
two of three identified main vents and thus represents a lower limit.

The gas flow was characterized as a two-phase slug flow of brine and CO, with CO, dissolving at depths that
may reach below 10 km. Geochemical and geological evidence suggest the CO, observed at Bledug Kuwu to
be of biogenic or thermogenic origin. Seismic tomography, the tectonic setting, and the depth of the CO,
origin, on the other hand, favor at least a partly magmatic origin of the CO,. A more focused effort, such
as noble gas tracing, is needed to clarify the origin of the CO, released at Bledug Kuwu, in particular the con-
tribution of magmatic CO, if there is any.

This study not only demonstrated the merit of a man-portable active remote sensing instrument for probing
natural gas releases but also showed feasibility of a hand-held scan of a gas release to obtain the gas flux,
enabling efficient bottom-up estimation of CO, fluxes. To our knowledge, this was the first time the CO, flux
of a mud volcano was measured using ground-based remote sensing.
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