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Abstract 035

In this study, we introduce a portable low-cost device for in situ gas emission 036
measurement from focused point sources of COz, such as mofettes. We assess the 037
individual sensors’ precision with calibration experiments and perform an inde- 038
pendent verification of the system’s ability to measure gas flow rates in the range 039
of liters per second. The results from one week of continuous CO4y flow observa- 040
tion from a wet mofette at the Starzach site is presented and correlated with the 041
ambient meteorological dynamics. In the observed period, the gas flow rate of 042
the examined mofette exhibits a dominant cycle of around four seconds that is 043
linked to the gas rising upwards through a water column. We find the examined 044
mofette to have a daily emission of 465 kg +16 %. Furthermore, two events were 045

observed that increased the flow rate abruptly by around 25 % within only a few 046
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minutes and a decaying period of 24 hours. These types of events were previously
observed by others at the same site but dismissed as measurement errors. We dis-
cuss these events as a hydrogeological phenomenon similar to cold-water geyser
eruptions. For meteorological events like the passages of high pressure fronts with
steep changes in atmospheric pressure, we do not see a significant correlation
between atmospheric parameters and the rate of gas exhalation in our one-week
time frame, suggesting that on short timescales the atmospheric pumping effect
plays a minor role for wet mofettes at the Starzach site.

Keywords: COa2, degassing, earth mantle, low-cost, monitoring

1 Introduction

Due to its increasing atmospheric concentration, carbon dioxide (COsz) currently
has the largest bulk impact on total effective radiative forcing and is therefore
the most relevant greenhouse gas (GHG) today (Forster et al., 2021), followed by
methane (CH4) and nitrous oxide (N2O), which are more potent but less abundant
greenhouse gases (Wallace & Hobbs, 2006). Under the globally adopted Paris Agree-
ment (UNFCCC, 2015), countries are obliged to report annually on up-to-date GHG
emission inventories to accepted standards (IPCC, 2006). The establishment of these
inventories requires an array of methods, techniques and instruments to quantify gas
fluxes over a variety of spatial scales. These range from in-situ point source esti-
mation (Carapezza & Granieri, 2004; Chiodini, Cioni, Guidi, Raco, & Marini, 1998;
Liibben & Leven, 2022) to satellite remote sensing (Chevallier et al., 2005; Pan, Xu,
& Ma, 2021) and (global) inverse gas transport modelling for emission source back-
tracing and budgeting (Gaubert et al., 2019; Pickett-Heaps et al., 2011). Ongoing
GHG emissions and their consequences make it increasingly clear that negative emis-
sions, e.g. in form of Carbon Capture and Sequestration (CCS), are needed to counter
global warming (Gasser, Guivarch, Tachiiri, Jones, & Ciais, 2015). Monitoring of CCS
sites is important to ensure the security of COq storage (Flohr et al., 2021; Holloway,

Pearce, Hards, Ohsumi, & Gale, 2007), and surface monitoring techniques should be
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as mobile as possible (Jones et al., 2014). In general, uncertainty quantification is also
desired and necessary for GHG emission estimations (Jonas et al., 2019).

In addition to anthropogenic causes, the earth mantle is another and permanent
source of CO4 due to its degassing of the magma during crystallization (Lowenstern,
2001). The solubility of COs in the magmatic fluid decreases during crystalliza-
tion (Dasgupta, 2013), resulting in magmatic COq exsolution which is then eventually
capable of rising to the surface. CO; may enter the lower atmosphere e.g., through
active or dormant subaerial volcanos, fumaroles, mofettes, at mid-ocean ridges,
geothermal systems and geysers (Glennon & Pfaff, 2005; Kerrick, 2001; Werner
& Cardellini, 2006; Werner et al., 2019). Although these non-anthropogenic COq
emissions are estimated to be two orders of magnitude smaller than anthropogenic
emissions (Burton, Sawyer, & Granieri, 2013), they remain an integral baseline of
the earth’s GHG budget. Past research has shown repeatedly that estimates for the
total volcanic CO4 emissions vary greatly and better quantification is needed (Burton
et al., 2013; Chiodini et al., 2004; Kerrick, 2001). Furthermore, such degassing can
impact crop or forest growth (Farrar et al., 1995) and be hazardous to lifestock or
humans (Beaubien, Ciotoli, & Lombardi, 2003). Temporal degassing anomalies around
volcanos also show promising potential as precursors of volcanic eruptions (Inguag-
giato, Vita, Cangemi, & Calderone, 2020; Pérez et al., 2022), and could improve the
still insufficient early-warning systems (Winson, Costa, Newhall, & Woo, 2014). There-
fore, the advancement of quantification methods for natural degassing from the solid
earth remains an important task.

There exist several in-situ and remote sensing methods to quantify degassing from
the solid earth, each suitable for one specific use case. While approaches to esti-
mate gas flur (amount per area and time) vary, the vast majority of methods use

spectrometry to quantify the gas concentration.
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Satellite data provides coarse global gas concentration data (Chevallier et al.,
2005; Pan et al., 2021). One-dimensional column measurements of sulfur diox-
ide (SO32) on scales up to several kilometers are performed with remote sensing
spectrometry that use the solar spectrum as a reference, such as correlation spec-
troscopy (COSPEC) (Williams-Jones, Stix, & Hickson, 2008) and its more compact
iterations FlySPEC (Horton et al., 2006) and mini-DOAS (Galle et al., 2003;
McGonigle, Oppenheimer, Galle, Mather, & Pyle, 2002), which give comparable
results (Elias et al., 2006). Given further assumptions and boundary conditions such
as the wind speed, these measurements can be translated into a gas flux or be used
as proxy for other gases such as COy if not directly measured (Williams-Jones et al.,
2008). However, the equipment for these techniques is rather expensive and requires
careful operation and frequent calibration. Furthermore, a direct line of sight to sun-
light is required, preventing its use during the night or in constrained locations.
This also makes it less suitable for small, focused degassing point sources or weak
diffuse degassing. There exist also similar laser or Fourrier-Transform Infrared Spec-
troscopy (FTIR)-based approaches (Feitz et al., 2018) and local modelling techniques
to merge and unify data from different sources (Feitz et al., 2022).

For diffuse degassing from soil or cropland, in-situ measurements are typically
employed. A versatile technique suitable for homogeneous, flat terrain with a horizontal
footprint up to hundreds of meters is the eddy-covariance method for directly mea-
suring the turbulent vertical gas exchange (Mauder, Foken, Aubinet, & Ibrom, 2021).
While the eddy-covariance method can deliver high-frequency flux data (up to 20 Hz),
it is unsuitable for complex terrain or very heterogeneous surface emissions (Baldoc-
chi, 2003; Scholz et al., 2021). To a degree, the high-frequency data availability can
be traded for lower cost by employing the flux-gradient approach, where the verti-

cal gradient of slower gas concentration measurements is parameterised to yield an
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average flux, though losing precision. However, this method requires knowledge, cali-
bration or approximation of the eddy diffusivity K and its dependence on atmospheric
conditions (Zhao et al., 2019).

Another in-situ method for diffuse soil gas flux quantification is the dynamic con-
centration method (Camarda et al., 2019; Gurrieri & Valenza, 1988). Here, gas is
pumped from the soil with increasing intensity until a constant gas concentration is
sampled, signaling an equilibrium between pump flow and soil gas flux. While compa-
rably simple to execute, this method is prone to overestimation and very dependant
on soil permeability according to Carapezza and Granieri (2004). Instead, the accu-
mulation chamber technique has proven to be a powerful alternative (Chiodini et al.,
1998; Haro et al., 2019) by deriving a flux from the rate of concentration increase in
a closed volume above the soil of interest.

However, the above-mentioned methods have been developed to investigate mainly
diffuse degassing and so none of them is capable of directly quantifying advective gas
fluxes of intense gas exhalations such as fumaroles or mofettes as the flow rates are
either too high or the exhalations too focused. For strong advective degassing from
vents, a robust method is to channel the exhaled gas and measure its velocity and
concentration to determine the mass flow (Liibben & Leven, 2022; Rogie, Kerrick,
Chiodini, & Frondini, 2000). However, to our knowledge, no such design has been
published that focuses on continuous, unattended operation, high temporal resolution,
low-cost components and adaptability to different magnitudes of degassing. In this
study, we present a system with such potential. We assess the suitability of each
individual component and demonstrate it by short-term application to a mofette at
the Starzach site in Germany (Liibben & Leven, 2018). The degassing behaviour of the
investigated mofette is discussed and a first, preliminary look is taken at the effects
of meteorological parameters such as atmospheric pumping (Forde, Cahill, Beckie, &

Mayer, 2019; Nilson, Peterson, Lie, Burkhard, & Hearst, 1991).
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Fig. 1 Overview of the Starzach site. (a) geographic location in Germany. (b) local map of the
Neckar valley (OpenStreetMap contributors, 2023). (c) well log of a groundwater monitoring well
at the Starzach site (Figure 2a) with lithological description. The first ~6.4m of the well pipe are
unscreened, while the lower ~3 m are screened to access the groundwater.

2 Geological Setting of the Test Site

The Starzach site (Figure 1) is located in Southwest Germany in the Upper Neckar
valley, approximately 30 km southwest of Tiibingen. In this region, the River Neckar
cuts deep into the competent limestone of the Middle Triassic (“Muschelkalk”) form-
ing a valley with relatively steep hillslopes formed by hillside depris covering the rock
faces of the Middle Triassic. The site itself is located at the bottom of the Neckar
valley, and is known for its natural COy degassing from mofettes and springs. In

the region, CO2 was mined industrially over the last century until yields eventually
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declined, and stricter environmental regulations rendered the mining uneconomical.
After a recovery period, degassing activity has increased again in the last decades,
motivating current research activities in the area, for which Liibben and Leven (2018)
introduced the Starzach site as a natural analog for leaking CCS sites. Their inves-
tigations show that the active gas exhalations are most likely linked to a fault zone
following the major tectonic Swabian-Franconia direction, and that the emitted gas is
most likely of non-volcanic magmatic origin consisting of a mixture of COs (>98 %),
nitrogen (~1 %), oxygen (~0.2 %) and smaller amounts of helium, argon and methane.
A detailed description of the site and its geological setting is given in Liibben and
Leven (2018).

A groundwater well was installed in May 2014 at a location without natural COq
degassing for access to groundwater (Figure 1c and Figure 2a). The 2”-well (DN50)
targets the transition of the Quaternary aquifer to the Triassic bedrock unit (“Middle
Muschelkalk”, Middle Triassic, Upper Anisium) and reaches a depth of 9.4m, while
the lowermost 3 m of the well are screened to access the groundwater. The undisturbed
water level in the well after its completion was approx. 1.7m below ground surface.
At the time of installation, the well didn’t emit any noticeable amount of gas, but
turned into a mofette approximately six months after, and the gas exhalation increased
over the years through the well. Simultaneously, an adjacent smaller mofette in a
distance of approx. 2 m disappeared over the years, and likewise the exhalation activity
declined visibly at the larger mofette “R” (Liibben & Leven, 2018). This indicates a
small-scale shift in the underground gas flow, a change contributing to the temporal
and spatial heterogeneity of atmospheric COs concentration at the site. Liibben and
Leven (2022) presented a custom funnel flow meter with which they determined flow
rate magnitudes in the order of a few liters per second from specific mofettes such as

mofette “R” at the site in 2015.
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Recently, Biichau, van Kesteren, Platis, and Bange (2022) deployed a wireless sen-
sor network at the site to monitor atmospheric CO5 concentration and meteorological
parameters and to provide infrastructure for further measurements. A strong diurnal
cycle in atmospheric CO5 concentration was observed with typical, low baseline con-
centrations of 400 ppm to 500 ppm during the day and strongly elevated concentrations

up to 40000 ppm during the night, caused by a lack of wind.

3 Methods

3.1 Chimney Design

Chimney-based designs to measure advective gas fluxes from mofettes were already
introduced by Rogie et al. (2000) and Libben and Leven (2022). However, those
setups are not suitable for prolonged continuous monitoring. Both applied a hot-wire
anemometer to measure flow velocity and expensive infrared gas analysers for the gas
concentration. Liibben and Leven (2022) found that the exact placement of their hot-
wire anemometer inside the chimney had a strong impact on the estimated gas flux.
Furthermore it was susceptible to measurement errors due to water deposition on the
weakly heated element.

The design we present here addresses these problems: We focus on reduced cost,
continuous operation, low power consumption and the ability to record data with high
temporal resolution (At < 1s) to study the flow dynamics of the gas source.

With a chimney-based funnel design, given the volumetric gas flow rate 1% [m?’ sfl} ,
the volumetric concentration of the gas of interest Xg,s [ratio] (in this case for COs:
Xco, [ratio]), the temperature T' [K] and pressure p [Pa] in the chimney, the mass

flux mco, [kg s’l] can be calculated with

— p- M,
. P 2Mco, (1)

mco, = Xco, T
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Fig. 2 The chimney-based design to measure advective COg2 fluxes from mofettes. (a) Assem-
bled hood deployed at the Starzach site over an erupting mofette as shown in the small inset and
in Figure 2c of Biichau et al. (2022). Note: This is a different mofette than the one examined
by Liibben and Leven (2022). (b) Gas sensor unit mounted laterally in the chimney consist-
ing of Sensirion STC31 COgz sensor, Sensirion SHTC3 temperature and humidity sensor and
Bosch BME280 absolute atmospheric pressure sensor. (¢) View from below through the chimney with
the fitted cup anemometer and thermistor visible.

where R* ~ 8314JK 'mol™! denotes the universal gas constant and
Mco, ~ 0.044 kg mol ™! the molar mass of COs.
To quantify the CO3 mass flux rmco,, the volumetric flow rate V, the volumetric

CO3 concentration Xco2, gas pressure p and temperature 7' need to be measured. In
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the following we detail the respective sensors we employ and the calibration procedures

we performed to validate those.

3.2 Flow Rate V Measurement

Anemometry techniques to measure air flow velocity have evolved to a variety of
choices for different applications and environments, from simpler working principles
like pitot tubes, vane and cup anemometers, to sophisticated techniques such as hot-
wire, ultrasonic or laser-Doppler anemometry (Camuffo, 2019; Foken, 2021). For our
application of measuring the gas flow velocity of advective gas emissions, a small
anemometer fitting into a tube with a diameter of a couple of centimeters is desir-
able. Anemometers that measure the flow velocity independently of the medium’s
composition are especially favorable for the case of gas mixtures. In addition, robust-
ness against water droplets, dew and elevated water vapour concentration in general
is necessary to withstand the extremely humid conditions in the gas exhaled from a
wet mofette. This rules out hot-wire anemometers as they are delicate devices mostly
suitable for lab environments. Differential pressure sensors needed for Pitot tubes or
other pressure-based flow rate measurement approaches are often designed for dry
conditions only. Pitot tubes and vane anemometers must be calibrated or corrected
for density (Foken, 2021). While ultrasonic and laser-Doppler anemometers are funda-
mentally independent of the medium by their physical design principles (Foken, 2021),
commercially available devices are expensive and often large. A good balance between
cost and medium-independence is the cup anemometer: In the simplified model of a

two-cup anemometer, as it reaches a constant rotation frequency f in a stationary flow
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of velocity v, the opposing drag forces F., and F, acting on the convex and concave

cup side, respectively, are at an equilibrium:

ch = ch

1 1 (2)
2 2

§Apcw’cx @rfr4+wv) = §Ach,w (2mfr —v)

where the medium density p and the cups’ cross-sectional area A cancel out. This
leaves the rotation frequency f a sole function of the flow velocity v and the design
parameters (the cup sides’ drag coeflicents cy ¢, and ¢y, and the cup centers’ dis-
tance r from the rotation axis). The intrinsic difference in drag between the shells,
however, causes faster acceleration than deceleration and thus a hysteresis in rotation
frequency in unsteady flows due to inertia, often referred to as overspeeding (Busch
& Kristensen, 1976; Papadopoulos, Stefantos, Paulsen, & Morfiadakis, 2001). Still, a
cup anemometer can be a cost-effective way of measuring the gas flow rate inside a
pipe independently of the gas composition as the influence of the overspeeding effect
can be controlled for by comparison with reference measurements.

Small-sized cup anemometers are less common and mostly available as handheld
devices which are unsuitable for automated continuous data logging. So we detached
the protective cage containing the rotating cups from a commercially available hand-
held device. As is common for miniature cup anemometers, our model (Figure 2c) has
an axle with pointed ends sitting in metal sockets. This minimizes the amount of mov-
ing parts and friction contacts in comparison with e.g. a needle bearing, thus reducing
the chance of failure under condensing conditions. We added an infrared light-emitting
diode (LED) and a photodiode to act as light barrier for detecting the rotation fre-
quency of the cups. The inverse of the pulse time divided by the amount of cups (four
in this case) is then the cup anemometer’s rotation frequency. A microcontroller finds

the pulse edges and records the time in between. As a consequence, the data rate for
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the cup anemometer’s rotation frequency is not constant as it depends on the rotation
frequency itself.

Instead of parameterising the flow rate V as the product of cross-sectional
area A and flow velocity v (V = A-v, cf. Libben and Leven (2022); Rogie et al.
(2000)), we calibrated our system as a whole to translate the rotational frequency f of
the cup anemometer directly to the flow rate V. This avoids that the effective cross-
sectional area might be unknown due to the geometry of the chimney and flow
obstructions such as the anemometer itself. Furthermore, friction causes the flow veloc-
ity to diminish near the walls of the chimney, resulting in a lateral velocity profile
instead of a constant value across the cross-section, which is an implicit assumption for
the parametrisation V = A -v. This effect is increased with smaller Reynolds numbers
as the velocity peak in the center of the chimney becomes more prominent (Etling,
2008; Stigler, 2012). The Reynolds number for a setup like ours (55 mm inner chimney
diameter, CO5, 1ms™! velocity) ranges from 4500 to 10000, taking into account vari-
ations in temperature, pressure (Foken, 2021; Schéfer, Richter, & Span, 2015), flow
velocity and dimensional uncertainties. Considering that the flow through the chimney
is obstructed by sensors and a protective water shield at the inlet and outlet (Figure 2),
it is reasonable to assume the chimney flow won’t be laminar but weakly turbulent,
unifying the velocity throughout the cross-section.

We carried out two experiments to ensure our flow rate measurement is valid.
First, to determine the relationship between f and V we connected our chimney to an
LTG 227VM-05 volumetric flow sensor that is part of our research facility’s building
ventilation system and recorded the cup anemometer’s rotational frequency f while
varying the flow rate by gradually closing the shutt-off valve of the ventilation. Second,
in the field we repeatedly took the time it takes to fill up plastic bags of known volume
with gas from a mofette and compared this to the estimate derived from the lab results.

These results are discussed in subsection 4.1.
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3.3 CO, Measurement Xco,

A COg sensor for measuring advective CO5 fluxes from mofettes needs to fulfil sev-
eral criteria: First, it needs to be able to measure high COs concentrations close
to 100 % (Biichau et al., 2022; Liibben & Leven, 2018, 2022). It also has to be small
enough for fitting into a chimney next to the other sensors. A reasonably high mea-
suring frequency (> 1 Hz) is necessary if dynamics of flow rate and gas concentration
are to be analysed. Finally, extremely humid environments should neither harm the
sensor nor influence the measurement too strongly. This combination of requirements
is rather unusual and the market offer of the gas sensor industry is quite limited
in this regard. Many embedded non-dispersive infrared (NDIR) CO; sensors suffer
from the cross-sensitivity on water vapour, have slow response times and can only
measure low COs levels (Biichau et al., 2022; Miiller et al., 2020). Initial tests with
a GSS ExplorIR-M NDIR CO; sensor which can measure up to 100% COs were
unsuccessful under very humid conditions.

Another approach to measure gas concentrations is using a proxy quantity that
is strongly influenced by the gas mixture (e.g. sonic speed or heat conductivity) and
deducing a concentration given assumptions and further information about the gas
composition. The Sensirion STC31 CO5 sensor is such a model which derives a CO»
concentration from the heat conductivity. Compared to other embedded CO, sen-
sors such as those evaluated in Biichau et al. (2022), the STC31 sensor is an
order of magnitude smaller with a size of only 3mm x 3.5mm x 1 mm (Figure 2b).
Furthermore, the STC31 sensor covers the entire COy concentration range from
0% to 100 % — a capability most comparable NDIR-based CO4 sensors lack (Biichau
et al., 2022).

The STC31 sensor needs to have the temperature, pressure and relative humid-

ity communicated to it before it performs a measurement, then internally calculates
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and reports a CQOs concentration. We employ an evaluation kit where a Sen-
sirion SHTC3 temperature and humidity sensor is mounted directly next to the
STC31 CO; sensor (Figure 2b). Readings of the former sensor are communi-
cated to the STC31 CO; sensor. The pressure measurement is performed by a
Bosch BME280 environmental sensor, a common miniature low-cost absolute atmo-
spheric pressure sensor with a rated absolute accuracy of around £1.5hPa (Figure 2b).
During operation we disable the STC31 sensor’s automatic self-calibration to prevent
it from wrongly interpreting the high COs concentration as an implicit baseline.

To assess the STC31 sensor’s suitability we exposed it to various combinations of
temperature, relative humidity and COs concentration inside an EdgeTech RH CAL
relative humidity calibration chamber together with the intake of a LI-COR 840A
closed-path infrared gas analyser. An automated gas injection system flooded the cal-
ibration chamber periodically with CO5 about every 30 minutes after each successful
transition to the next temperature/relative humidity level. The LI-COR sensor’s cal-
ibration range only reaches up to 20000 ppm (2vol%). However, its maximum data
output limit is as high as 200 000 ppm (20 vol%). So for comparison with the LI-COR
sensor, we capped the CO2 concentration during flooding of the calibration chamber
at this level to reduce the idle time where no overlapping data within its calibration
range is available. LI-COR measurements beyond 2 vol% are expected to have a larger
error, but are nevertheless included here for reference.

To account for high COs concentrations, the same temperature and relative
humidity profile was repeated but with periodic COs injections without an upper
concentration limit. Furthermore, a separate setup with the STC31 sensor in the gas
volume at the top of a bottle with carbonated water was performed to simulate sat-
urated humidity and COs conditions similar to the situation in the field. The results

are discussed in subsection 4.2.
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3.4 Temperature T' and Humidity RH Measurement

Two temperature measurements are installed in the chimney device; one measure-
ment close to the COq sensor laterally in the chimney (small SHTC3 temperature
and humidity sensor as described above, Figure 2b) and one measurement right in the
center of the chimney to record the actual temperature of the emitted gas without
outside influence. For the latter measurement we use a positive temperature coeffi-
cient (PTC) thermistor in a metal housing for durability. Both sensors were calibrated

in our RH CAL calibration chamber. The results are discussed in subsection 4.3.

3.5 Field Measurements

Having calibrated the individual sensors, field tests were carried out at the Starzach
site (section 2). The mofette that developed from a groundwater monitoring
well (Figure 1c) was chosen for the measurements described here (Figure 2a, same
mofette as Figure 2c in Blichau et al., 2022).

A wireless sensor network is presently deployed at the Starzach site (Biichau et
al., 2022). Sensor stations send data via a Wireless Local Area Network (WLAN)
established by a central single-board computer with cellular internet access. Data is
stored on pSD-cards on each sensor station as well as the central station and an off-site
server where data is relayed to. Currently, all devices are powered from one 12V lead-
acid battery charged by a series of solar panels and a methanol fuel cell for backup,
but every station could be powered independently to increase mobility. The chimney
device itself has an average power consumption of around 0.5 W and was integrated
into this network as a sensor station for one week of continuous operation. Data
of a Gill MaxiMet GMX541 compact weather station located at the central station
is available as meteorological reference. The obtained measurements are discussed

in subsection 4.4.
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4 Results and Discussion

As a measure of similarity between two quantities = and y we employ the Mean

Absolute Error (MAE):

MAE (2, y) = mean (|x — y]) ®3)

For conservative sensitivity analysis, the maximum absolute error Ayp., and

maximum relative error Aymaxrel [%] of a quantity y derived from input quanti-

ties x1,...,x, can be calculated via
n
Yy
AYmax(T1, ..., Tn) = - Az
Yma ( 1 ) Z 8ﬁri max
i=1
(4)
Ay
Aymax,rel = inax
Y
where Az;__  is the maximum expected absolute error of quantity z; and y the
mean of y.

4.1 Flow Rate V Calibration

Comparing the rotational frequency of the cup anemometer installed in the chim-
ney (Figure 2¢) to the volumetric flow rate obtained from an LTG 227VM-05 volumet-
ric flow sensor under laboratory conditions, we find a linear relationship (coefficient
of determination R? = 99.4%) with an average error of 0.34Ls™! (Figure 3). As
expected of cup anemometers due to the initial friction in the mechanical bear-
ing (Alfonso-Corcuera, Pindado, Ogueta-Gutiérrez, & Sanz-Andrés, 2021), flow rates
below 3Ls™! are slightly underestimated in our setup.

With this relationship determined, we took the device to the field and installed it

on a mofette (Figure 2a). We removed the top chimney roof segment and repeatedly
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attached plastic bags with nominal volumes of 60 L, 120 L and 240 L to the exhaust of
the chimney to fill them up with gas exiting from the mofette. The measured time At it
takes to fill up a bag of volume V was then used to calculate the average flow rate

during the filling time period:

y
-~ 5)

v

When inflated, the plastic bags had non-trivial shapes, so we estimated their vol-
ume very conservatively from dimensional measurements assuming a cylindrical shape
as approximation. Applying Equation 4 to Equation 5 then also yields a propagated
error estimation for the average flow rate. Data of the individual bag fills is listed in
Table 1.

During the bag fills we recorded flow rate data deduced from the cup anemometer’s
rotational frequency at an average data rate of 3 Hz. This time series together with
the flow rate estimation from the bag fills is plotted in Figure 4. The observed flow
rate varies between 1Ls™! and 6 Ls™! with an average slightly below 3 Ls™ 1.

When bags are attached to the chimney, the flow rate initially plummets and is
then slowly restored during inflation. The drop in flow rate is especially prominent for
the smaller bags 1 and 2. On initial contact between bag and chimney, the introduced
orifice at the interface is limiting the flow. Furthermore, during inflation the bag foil
needs to straighten from its wrinkled state, providing resistance for incoming gas.
Both effects decrease in intensity the more the bag is inflated, allowing the flow rate
to recover.

Due to the shorter filling times and uneven shapes of the smaller bags 1, 2 and 7,
their flow rate uncertainties are the largest. Still, the flow rate deduced from the cup
anemometer generally lies within the flow rate range estimated from the respective
bag fill. This indicates that our lab calibration is correct and also applicable under

field conditions.
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Table 1 Bag calibration data visualised in Figure 4. The
uncertainties of bag volume and duration were estimated very
conservatively from on-site dimensional and timing measurements and
video footage of the experiments using Equation 4, then translated
into the flow rate uncertainty by applying Equation 4 to Equation 5.

Nr. bag volume V [L] duration At [s] flow rate V [Ls™!]

1 50 + 20 27.6£1.0 1.4+0.8
2 100 £ 30 26.7+1.0 41+13
3 240 £ 50 78.3+ 1.0 3.1£0.7
4 240 + 50 81.8+1.0 2.9+0.6
5 240 £ 50 75.0+ 1.0 3.2+0.7
6 240 £ 50 75.1£1.0 3.2+£0.7
7 60 + 20 22.24+1.0 2.7+1.0

A dominant cycle is present in the flow rate signal with a period of 4seconds,
responsible for more than half (57 %) of the total signal variance (Figure 4, bottom).
This 4s-cycle corresponds to the observable bubbling that is characteristic for wet
mofettes at the site and is visible in Figure 2a and in Figure 2c¢ of Biichau et al.
(2022). Our understanding of this 4 s-cycle is that it is caused by a periodically shift-
ing pressure equilibrium within the well pipe shown in Figure lc. The gas ascends
up to the point where the pipe perforation ends in 6.4m depth. At this point, the
water column maintains a hydrostatic pressure of ~63 kPa when the well pipe is filled
to the top. As more gas accumulates from below, this pressure is eventually over-
come so that an eruption happens, releasing the built-up gas pressure. Measurements
with a closed chimney exhaust showed maximum differences to atmospheric pressure
of ~100kPa (1 bar), which supports this explanation. Surrounding ground water con-
stantly enters the well pipe through the perforation, refilling the water column. This

cycle apparently repeats with a period of 4s.

4.2 CO, Measurement X, Verification

In the calibration chamber setup detailed in subsection 3.3, the temperature ranged
from 11°C to 40°C. Due to the periodically injected dry COgy gas, the calibration
chamber struggled generating very humid conditions, resulting in a range of generated

relative humidity from 6 % to 74 %. Under these conditions, both COg2 sensors (STC31
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Fig. 3 Calibration of cup anemometer rotational frequency inside chimney against flow rate
of LTG 227VM-05 volumetric flow sensor.

and LI-COR 840A) agree very well over the entire LI-COR output range up to 20 vol%
with a mean absolute error of 0.3vol%, even beyond the LI-COR sensor’s calibrated
range where the relationship becomes non-linear (Figure 5). The non-linear relation-
ship above 2vol% can’t be explained with a mismatch in response times of the two
sensors - filtering either sensor with an optimized exponentially-weighted moving aver-

age (EMWA) didn’t result in any significant linearization. Still, the deviation between
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Fig. 4 On-site volumetric flow rate validation experiment data. Top: Time series of measured
volumetric flow rate from the examined mofette (Figure 2a) with a temporal resolution resampled

to 3 Hz. Each outlined box indicates a bag fill detailed in Table 1. Bottom: Variance spectrum of the
volumetric flow rate time series.

both sensors lies within the STC31 sensor’s specifications and is only weakly corre-
lated with chamber temperature (21 %) and relative humidity (—18%). These two
sensors have fundamentally different measuring principles (LI-COR: infrared absorp-
tion vs. STC31: heat conductivity) and it is unlikely that both are biased identically.
As a consequence, the good aggreement between the two indicates that the LI-COR
sensor’s measurements can still be relied upon beyond its calibrated range, though
with a larger margin of error.

During the 23 periodic full CO5 floodings of the calibration chamber the COs

concentration peaks measured by the STC31 sensor had an average magnitude
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of 97.6vol% and a maximum of 99vol%. A slightly lower result than full CO, sat-
uration is expected as the calibration chamber constantly feeds outside air into the
volume for purposes of mixing the humid air, thus diluting the introduced COs. This
result proves that the STC31 sensor can reliably measure high COs levels under dry
conditions.

A matching measurement of 99.4vol% was obtained in the gaseous volume
of the carbonated water bottle. We allowed the gas phase to reach an equilib-
rium for three hours, approaching full saturation of the mixture of water vapour
and COg; similar conditions to what we expect to find in the field. From SHTC3
and BME280 measurements (T' = 20°C, RH = 83 %, p = 978 hPa) it can be estimated
that water vapour should take up ~2vol% of the mixture, leaving ~98 vol% for COs.
For simplicity of this estimation, we ignore the quite complex effects of dissolved
COs on saturation water vapour pressure (Privat & Jaubert, 2014) here. The
obtained CO4 concentration of 99.4 vol% still lies within the STC31 sensor’s uncer-
tainty of +1vol% +3 %. Thus, in contrast to infrared COs sensors which can have a
strong cross-sensitivity on water vapour (Biichau et al., 2022), the STC31 sensor is

also suitable for humid conditions.

4.3 Temperature T' and Humidity RH Calibration

During the same calibration experiment as described above, the SHTC3 temperature
and humidity sensor (Figure 2b) was present to feed its data to the STC31 CO4 sensor.
Comparing its data to the calibration chamber measurements (Figure 6), an average
accuracy of 0.6 K for temperature and 1.6 pp (percent points) for relative humidity is
asserted across the entire experiment time series including the CO5 floodings.

In another independent setup, the thermistor (Figure 2c) was calibrated in the
calibration chamber. In addition to a temperature profile from the calibration chamber,

one data point in ice water was added to increase the reference range. A polynomial
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967 fit of third degree describes the thermistor’s temperature dependency to an accuracy
968

969 of 0.1K (Figure 7).

970

971 . . .

972 4.4 Field Measurements Discussion

g;i An under-sampling analysis in the post-processing of the flow rate validation dis-
975
976
977  frequency measurement introduces an error of just =1% for the average flow rate
g;g compared to a sampling rate of 3Hz. To keep network traffic low, we thus chose a
980
981

982 with the device mounted on the mofette shown in Figure 2a. This data together with
983

984 meteorological measurements from a Gill MaxiMet GMX541 compact weather station
985
986
987 problems in the night of the 05.02.2022, the instrument delivered data continuously.
988

989

990 Meteorological Situation

991

992 The observation period took place in the late winter of 2022, from February 3'4 to 10",
993

994 Temperatures at 2m height above ground regularly dropped below 0°C during night
995
996

997 slope of the river valley, incoming solar radiation is further reduced in the morning
998

999 and evening (Biichau et al., 2022). Consequently, relative humidity was constantly
1000
1001

1002 were observed within the monitoring period, a weaker first front right before midnight
1003

1004 between 04. and 05.02.2022 and a very distinct second front at midnight between
1005
1006

1007 30 min), an intermittent increase in wind speed and a sudden increase in atmospheric
1008

1009 pressure. The air mass trailing the second front raised the atmospheric pressure by
1010
1011
1012

cussed in subsection 4.1 showed that a 10s sampling interval for the cup anemometer

data interval of 10 s for the continuous measurements. One week of data was recorded

is shown in Figure 8. Except for an 8h data gap due to intermittent transmission

time and reached up to 11 °C during the day. As the site is being situated at a northern

elevated with a minimum of 60 %. Two cold air front passages with precipitation events

06. and 07.02.2022. Both fronts caused a significant temperature drop (~3 K within

nearly 30 hPa over the next day.
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Measurement Artifacts

There is a clear and opposite relationship between STC31 CO; readings and all
temperature measurements. The strongest correlation is —86 % with the thermistor
temperature. Such a significant temperature dependence was not observed under lab-
oratory conditions (subsection 4.2, Figure 5). An explanation for a positive correlation
could have been that each eruption brings a new volume of COs-rich gas which is
also warmer than the atmosphere surrounding the chimney. The observed behaviour,
by contrast, rather indicates an inadequacy of the thermal model implemented in the
STC31 CO4 sensor for the gas mixture emitted by the mofette. The STC31 sensor must
be configured to assume the remaining non-COs gas as either nitrogen (N3) or air (our
setting). Other than COs, the gas mixture emitted from the Starzach mofettes con-
sists of nitrogen (~1%), oxygen (~0.2%) and smaller amounts of helium, argon and
methane (Liibben & Leven, 2018). Furthermore, ~1 % of water vapour is reasonable
to assume with full saturation at 10 °C, similar to our estimation for the carbonated
water bottle experiment in subsection 4.2. In total, these remaining gases sum up
to ~2vol%, leaving ~98 vol% for COs. Even with the fluctuations introduced by the
apparent temperature dependency, the CO; readings remain within the sensor’s rated
accuracy of 1vol% 43 %.

Readings of the BME280 atmospheric pressure sensor mounted laterally in the
chimney (Figure 2b) exhibit some artifacts starting at noon on 07.02.2022. We assume
these to be caused by condensation on the sensor as it is not rated for extremely
humid conditions. Other models such as the BMP384 or BMP585 could be promising

alternatives with a protective layer of gel.

CO3 Exhaust

Over the course of the observation period, our instrument measured an aver-

age baseline CO; exhaust from the single mofette of 5.4gs~! which extrapolates
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1059 to 465kgd~! (excluding the anomalies discussed below). Applying Equation 4 to
1060
1061 Equation 1 yields that the maximum relative error of the mass flux Ariyax el can be

1062 timated as the sum of relative errors of its independent variables:

1064

1065

1066

1067 ] .

1068 ATnmax,rel = AT‘max,rel + AVrmax,rel + AAXVCOQ,max,rel + Apma;gre] (6)
1069

1070

1071 Inserting values determined above, this maximum relative error sums up

1072
1073 to Afitmaxrel = £16 %, to which our mass flow estimates are accurate with high

10;4 confidence. At their examined mofette (the visually most prominent one at that
1075

1076 time in 2015), Liibben and Leven (2022) determined average mass flow rates of

1077
1078 around 75kgd~!, which is significantly smaller. Still, our notably larger estimate for

1079 the visually most striking mofette today could signify a general increase in degassing
1080

1081 activity at the site — a trend that has been going on since industrial mining of the gas
1082
1083
1084
1085 plow Rate V' Anomalies
1086
1087
1088
1089 rapidly increased by ~25% within a few minutes and then gradually declined

1090
1091 over ~24h to settle back to baseline. The first event happened around midnight

183; between 04. and 05.02.2022 and a second one 60h later at noon on the 06.02.2022.

1094 Excluding these events from averaging results in a 3% underestimation of exhaled
1095

1096 mass, motivating a continuous monitoring solution for wet mofettes with comparable

1
183; dynamics. Similar anomalies were observed by Liibben and Leven (2022) at a differ-

has stopped (Liibben & Leven, 2018).

As highlighted in Figure 8, two events were observed where the flow rate

1099 ent mofette “R” at the site (Liitbben & Leven, 2018), but dismissed as measurement
1100

1101 error, as the event was only monitored once in their time-series. The reproducibility

1102
1103 of these measurements with a completely different system as ours suggests there is an

1104
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underlying process causing these events. Timing and magnitude of seismic activity in
the wider region appear to be largely unrelated to the occurrence of flow anomalies
during the period observed. Though no record of groundwater levels is present for the
site, the flow anomalies can be assumed to be unrelated to groundwater levels of the
Quaternary aquifer, as they are mainly controlled by the water level changes in the
adjacent River Neckar, and there are no other disturbances of the aquifer in the closer
vicinity, such as water supply wells. Besides the leap in flow rate, several other anoma-
lies were measured during such an event: Most prominently, both events coincided
with a very short (<1min) but significant temperature drop of nearly 2 K measured
by the thermistor mounted in the center of the chimney (Figure 2¢). Furthermore,
right at the beginning of each event, one single measurement of a greatly reduced
flow rate was recorded. A very brief and dramatic reduction in CO5 concentration to
around 50 % (not visible in Figure 8) is also noticeable at this time. A drop this large is
unlikely to be a consequence of the sensor’s temperature dependence discussed above.

These observations suggest that the advective CO5 degassing at the Starzach site
obeys cold-water geyser mechanics (Han et al., 2013), albeit less effectively. Only a few
cold-water geysers are known globally, with the world’s most prominent CO-driven
cold-water geyser being located in Andernach, Germany (Glennon & Pfaff, 2005). The
periodic eruptions of a cold water geyser originate from the saturation of a water-filled
cavity, which is constantly being supplied with gas from below. Oversaturation of the
dissolved gas eventually leads to exsolution and uprising of gas bubbles. This reduces
the pressure exerted by the overlying water column and initiates a positive feedback as
the reduced pressure favours even more exsolution, resulting in an eruption (Glennon
& Pfaff, 2005; Han et al., 2013). Eruption intervals and durations of known cold-water
geysers vary between minutes and hours (Glennon & Pfaff, 2005). Jung, Han, Han,
and Park (2015) found eruption intervals and durations to be roughly proportional

for the Crystal Geyser (Utah, USA) while the factor changes over time. The flow rate
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1151 anomalies we observed would accordingly correspond to eruptions with an interval of

1152
1153 several days and a duration of one day. Han et al. (2013) found steep temperature drops

ﬂgé during eruptions of the Crystal Geyser and explain those with Joule-Thomson cooling

1156 and endothermic CO5 exsolution. However, the temperature drops we saw here are

1157
1158 intermittent. This, together with the brief dips in flow rate, suggest a different cause.

ﬂgg The cup anemometer we utilize for flow measurement is inherently independent of

1161 flow direction (subsection 3.2). However, both a complete temporary flow stop as well

1162
1163 as flow change to the opposite direction will cause its rotation to decrease — albeit

ﬂgé briefly. The latter seems to be the case here: As the mofette changes from exhaling

1166 to inhaling, cold surrounding air is transported inside the chimney to the thermistor,

1167
1168 €xplaining both its measured temperature drop and the decrease in COz concentration.

ﬁgg Apparently, this flow direction change happens over a short time period of 5s to 155,

1171 as for both events only exactly one of the 10 s-spaced measurements captures it.
1172

1173 Liibben and Leven (2018) present a conceptual geologic model in which the clay-
1174
1175
1176 depth acts as an impermeable barrier and therefore as a capstone for the uprising

1177
1178 gas. Below, CO; ascends through the water-saturated sandstones of the Middle and

stone of the Rot Formation at the top of the Upper Buntsandstein in approx. 50m

ﬁ;g Lower Buntsandstein, which presents a potential reservoir for gas accumulation. Tec-

1181 tonic faults through the Rdt Formation and the Lower Muschelkalk act as relatively

1182
1183 undisturbed pathways to the surface and eventually to our examined well (Figure 1c).

ﬁgé We assume the oversaturation of water with COy happens initially below the Rdt For-

1186 mation in the reservoir. However, longer time series and further research is needed to

1187
1188 further quantify this process.

1189
ﬁg(l) Influence of Meteorological Parameters

1192
1193 The data obtained during our observation week does not suggest any significant con-

1194 pection between meteorological parameters and the degassing behaviour. The two
1195

1196 flow rate anomalies described above do not coicide with any change in temperature,
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atmospheric pressure, precipitation or other atmospheric variables we recorded. In
general, pressure inside the chimney closely follows atmospheric pressure measured at
the central station. This is expected for a chimney diameter this large as no significant
pressure is built up. Atmospheric pressure is known to influence diffuse degassing via
the “atmospheric pumping” effect (Forde et al., 2019; Nilson et al., 1991) or change
geyser eruption activity (Rinehart, 1972). Nevertheless, neither of the two cold air
front passages resulted in an immediately noticeable variation in exhaled gas amount.
However, when comparing the settling times it took to return to baseline flow after
an event, a slightly faster decline can be observed after the second event, immedi-
ately after the second front has passed. This is a plausible connection given that the
final 30 hPa pressure increase the second front introduced should correspond to an
additional virtual ~30cm water column the ascending gas needs to overcome for an
eruption, effectively reducing the flow rate. But the short time series we recorded here
is insufficient to quantify this. Longer measurement periods spanning multiple seasons

are needed to further investigate this effect.

5 Conclusion and Outlook

Chimney-based designs are well suited to continuously monitor degassing from vents.
We introduced a low-cost, portable chimney device for continuously monitoring advec-
tive degassing from a mofette. An examined mofette was found to exhale 465 kg 416 %
of CO4 per day, a result that is in line with previous measurements at the site (Liibben
& Leven, 2022). During a short observation period of one week, meteorological param-
eters such as atmospheric pressure were found to have no immediate effect on the
degassing behaviour, even during significant events as cold-front passages with steep
atmospheric pressure changes.

Contrary to existing designs, our volumetric flow rate measurement is density-

independent and can thus be used for a variety of other gases and gas mixtures. Being
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1243 developed for continuous operation, this instrument is suitable to monitor long-term
1244

1245 changes such as the observed shift of degassing intensity from one mofette to another
1246
1247
1248 earthquake activity is another reasonable application (Han et al., 2013; Rinehart, 1972;
1249

1250 Woith et al., 2023). This could be especially interesting for the Starzach site where
1251
1252
1253 For degassing of greatly different output magnitudes, the 3D-printed chimney can

1254
1255 be easily reprinted with an appropriate diameter, followed by a recalibration of the

or geyser-like eruptions happening on different time scales. Finding a correlation to

small-magnitude earthquakes happen occasionally in the region.

ggg flow rate according to the procedure we described here. The adapter from chimney to

1258 vent (a 50 cm-diameter cut-open plastic barrel in Figure 2a) can also be chosen freely,

1259
1260 for example by 3D-printing a custom cup or even employing flexible material such as

1261 :
used by (Rogie et al., 2000).
1269 y (Rog )

1263 An improvement of the temporal resolution could be achieved by introducing a
1264
1265 Pinhole disk in the chimney and deriving the flow rate from the difference in pres-

1266 gire before and after the constriction (Bentley, 2005). The density-dependence of
1268 this approach needs to be accounted for, though. Another possibility is to integrate
1269

1270 & custom 1D-ultrasonic anemometer into the chimney, which can measure the flow
1271
1272
1273 sure sensors such as the Bosch BMP384 or BMP585 is preferrable. Furthermore, local
1274

1275 on-device storage of the data on a memory card can be implemented if offline oper-
1276
1277
1278 as demonstrated in this paper, we suggest using foil-balloons of a more quantifiable
1279

1280 geometric shape (e.g. a sphere) with a large diameter (e.g. >50cm) to decrease the
1281
1282
1283
1284
1285 for the field access and the good cooperation. Thanks to Kevin Hoérmle, Verena

1286
1287 Miihlberger, Lukas Dérner and Bjérn Riebandt for support with field work and parts

1288

velocity independently of the gas by design. In general, utilization of waterproof pres-

ation is desired. For future flow rate calibrations using a similar bag-filling technique

volumetric uncertainty.
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Fig. 5 Comparison of LI-COR840A closed-path infrared gas analyser and STC31 heat conductiv-
ity COg sensor measurements in an EdgeTech RH CAL calibration chamber for various combinations
of relative humidity and temperature.
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Fig. 8 One week of continuous measurements of the chimney device mounted on a
mofette (Figure 2a) at the Starzach site at 10s resolution. Meteorological data is provided by a Gill
2113 MaxiMet GMX541 compact weather station (“central station” in Biichau et al., 2022). Two front
92114 passages are marked as green vertical lines. Gray vertical lines indicate the times of the two flow rate
2115 everfﬁs. In the first hours of the 05.02.2022 there was a data gap due to intermittent transmission
problems.
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