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Abstract

The estimation of greenhouse gas emission rates from the subsurface into the atmosphere is an important part of climate-
related research activities and associated efforts concerning the global carbon cycle. For the direct quantification of gas
emission rates from the subsurface to the atmosphere a large variety of gas detection and flux quantification techniques
exists. With the goal of measuring advective CO, gas exhalations circumventing limitations of available systems such as
e.g. accumulation-chamber systems or eddy-flux covariance methods, we developed a simple, robust, and low-cost gas-flow
funnel system. The device allows for the continuous measurement of mass flow rates with a free, unrestricted gas flow from
advectively dominated gas exhalation spots. For the design of the gas-flow funnel we used custom-made, though easy-to-
produce components, and sensors that are typically already available when working at such sites. Our general design can
easily be applied at sites with focused, advectively driven gas exhalation like volcanic areas, shale-gas seeps, landfills, and
open boreholes. For the proof-of-concept we tested the system during three field campaigns at a site with natural CO,-bound
emissions associated with a geologic fault in southwestern Germany. The measurements showed to be comparable and repeat-
able throughout the three campaigns, and are consistent with findings from other field sites with comparable CO, exhalations.

Keywords Gas monitoring - Advective gas fluxes - CO, exhalations - Mofette - Greenhouse gas

Introduction

The quantification of gas fluxes is a main task in environ-
mental research related to gas emissions. Especially, the
estimation of greenhouse gas emission rates from the sub-
surface into the atmosphere is an important part of climate-
related research activities and associated efforts concerning
the global carbon cycle. In this regard, research focuses on
gas emissions from subsurface reservoirs of carbon diox-
ide (CO,) from geological sources or (leaking) carbon cap-
ture and storage (CCS) sites (Bigi et al. 2014; Dixon and
Romanak 2015; Holloway et al. 2007; Jones et al. 2014; Jung
et al. 2015; Kis et al. 2017); on methane emissions from
melting permafrost or related to volcanic activity (Etiope
and Klusman 2002; Gal et al. 2019; Kang et al. 2014); and
on sulfur dioxide (SO,) and hydrogen sulfide (H,S) emis-
sions which might also considerably contribute to volcanic
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exhalations (O'Dwyer et al. 2003; Symonds et al. 2018;
Werner et al. 2013). The monitoring of radon fluxes can
serve investigations related to earthquakes and/or volcanic
eruptions in volcanic areas, and the detection of tectonic
fault structures (Schuetze et al. 2012; Steinitz et al. 2007,
Zafrir et al. 2016). Gas-flux monitoring is also indicated for
assessing e.g. natural attenuation processes at contaminated
sites or the environmental impact of abandoned landfills on
sensitive receptors (Cardellini et al. 2003; Heggie and Stav-
ropoulos 2018; Jovanov et al. 2018; Scheutz and Kjeldsen
2019). Furthermore, fugitive emissions from abandoned oil
and gas wells might be an important pathway for gases from
subsurface sources and gas-flux measurements are essential
to evaluate their contribution to the global gas exchange pro-
cesses (Boothroyd et al. 2016; El Hachem and Kang 2022;
Kang et al. 2014; Levintal et al. 2020; Neeper 2003).

For the quantification of gas emissions from the subsur-
face to the atmosphere a large variety of gas detection and
flux quantification techniques exists, e.g. based on optical
and remote sensing methods (e.g., Feitz et al. 2018; Sauer
et al. 2014). In the following we highlight three prominent
methods which are regularly used for the quantification of
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CO, fluxes at the direct interface between the subsurface
and the atmosphere:

Accumulation-chamber systems (“closed-chamber sys-
tems”) consist of a chamber, a rigid collar, a pump, and a
gas analyzer. The collar is pushed into the soil to ensure an
air-tight connection to the soil and the chamber is placed
on top. By this, gas emanating from the subsurface can
accumulate in the closed chamber and the measurement
of the gas accumulation within the chamber, i.e., increase
in gas concentration over a certain time period, is used to
determine the mass flux (Amonette and Barr 2009; Chio-
dini et al. 1998; Elio et al. 2012). The gas analyzers are
equipped with gas-specific sensors typically covering a par-
ticular concentration span depending on the expected gas
emanation concentrations. In the case of high gas emissions,
a strong increase in gas concentration within the relatively
small chambers occurs however over a very short period
of time. Such closed-chamber systems are well-established
and widely used since a long time for the estimation of CO,
fluxes but also for other gases, e.g., methane or helium (Boo-
doo et al. 2017; Cardellini et al. 2003; Chiodini and Frondini
2001; Gal et al. 2018; Lewicki et al. 2003; Shimoike et al.
2002; Sorey et al. 1998). Limitations of such systems might
be, besides relatively high equipment costs, the compara-
bly small areas that can be covered with the chambers on
the order of a few decimeters. Moreover, the applicability
of such chambers might be limited for the quantification
of advective gas fluxes, for which high gas concentrations
lead to fast gas accumulation, and / or high gas emanation,
i.e., advective volume fluxes lead to an overpressure in the
closed chamber. First might be problematic due to long
response times, especially of nondispersive infrared CO,
sensors (typically with response times of up to 30 s and
more), and latter might lead to a bypassing of gas of the
closed chamber. Therefore, these systems are preferably used
to determine diffusive gas fluxes with slow gas accumula-
tion in the chamber, and furthermore chambers are moved
between sampling points to cover large areas (Evans et al.
2002; Kis et al. 2017).

For the survey of large-scale CO, exhalations the eddy-
covariance (EC) method is often advantageous to determine
the gas flux between the subsurface and the atmosphere by
quantifying the turbulent, vertical exchange of gases, water
vapor, and energy (e.g., Baldocchi 2003). Such micromete-
orological systems usually include an anemometer to meas-
ure the wind speed along three axes and several sensors to
determine the air temperature, and concentrations of the
respective gases, e.g. water vapor, CO,, methane (Moncri-
eff et al. 1997). However, EC measurements might be biased
by site specific factors, such as a heterogeneous topography
and vegetation, and changing weather conditions (Baldoc-
chi 2014) resulting in incorrect flux estimates. Furthermore,
EC measures averaged vertical gas exchange rates and the
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calculation of mass fluxes requires extensive processing of
the data. The method is suitable to determine gas fluxes from
many small point sources when they appear in large numbers
and can be considered as an effective areal source. How-
ever, the method is limited when the sources are distributed
over an area of certain extent and need to be differentiated,
although there have been several attempts to improve the
estimating for point sources (Coates et al. 2017; Dumortier
et al. 2019).

Boreholes and wells provide direct access to the subsur-
face and can be used for gas flux measurements by quantify-
ing the air mass movement within boreholes (Levintal et al.
2018). Here it is assumed that the considered gas (e.g., CO,)
has a constant concentration at a certain depth within a bore-
hole under static conditions and may be different at other
depths. However, movement of the gas phase within the
borehole may be triggered by barometric pumping (Forde
et al. 2019) or due to changes in the density, i.e., the concen-
tration gradient within the borehole caused by temperature
variations, or gas supply from a deeper reservoir or prior to
earthquakes (Zafrir et al. 2020). Resulting temporal changes
in gas concentration can be used to determine the corre-
sponding gas mass fluxes (Levintal et al. 2020). Alternative
approaches to flux measurements within open boreholes
use chambers similar to the above-discussed accumulation
chambers to seal off the wellhead to capture the complete
fugitive emissions from a borehole (Kang et al. 2014).

In addition to the sometimes high costs, the methods pre-
sented above are either not completely suitable for advective
gas exhalations (closed chamber systems) or are not suf-
ficiently mobile and depend on specific site conditions (EC
method), or require boreholes and sensors within a borehole.
For the measurement of advective gas fluxes from a point
source, such as mofettes, vents, etc., it is also important
to capture the total amount of the emanating gas without
disturbing the pressure conditions at an exhalation point.
Specifically, the use of systems working with sealed or insuf-
ficiently vented chambers would result in the formation of a
back pressure, which would cause changes in gas density and
might lead to deficient estimates of emission rates or fluxes.

With the goal of measuring advective CO, gas exhala-
tions circumventing the above-described limitations, we
developed a simple, robust, and low-cost measuring device
that allows for the continuous measurement of mass flow
rates from advectively dominated gas exhalation spots,
which we present here. Our approach relies on a free, unre-
stricted gas outflow, which is an important difference to
the above-mentioned systems based on the closed-chamber
principle. We use custom-made, though easy-to-produce
components, and sensors that are typically already avail-
able when working at such sites. Also, the approach is robust
enough to be deployed in harsh environments and remote
areas with restricted accessibility. To prove the concept, we
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tested the system at a site that is characterized by natural
CO, exhalations.

Conceptual design

The system described here was originally designed to deter-
mine the gas flux of advective CO, exhalations at a site in
southwestern Germany with natural CO, emissions associ-
ated with a geologic fault (Liibben and Leven 2018). Con-
sidering the limitations of available systems as presented
in the introduction, it became clear that none of the above-
discussed approaches was suitable at the site for determin-
ing mass fluxes at the advectively-driven exhalation points,
either due to elevated exhalations pressures (preventing the
use of closed-chamber systems), heterogeneous vegetation
and topography (preventing the use of EC flux or optical and
remote sensing methods), and all boreholes from a century-
long industrial CO, use were closed and abandoned. We
defined technical requirements for the design of an adapted
CO, flux method for our given site as following:

e Suitable for the measurement of advective gas emission
rates from point sources without disturbing the pressure
conditions of the emanating gas, i.e., allowing a free out-
flow of gas without the formation of a pressure accumu-
lation during the measurement.

e Applicable and adaptable to different sizes of exhalation
points and measurement environments, e.g. for high and
low emission rates, pressures, and gas concentrations.

e Suitable for the acquisition of time-series of at least
several hours to days with low power consumption, for
which batteries or small solar panels should suffice.

e Easy-to-built with a simple design and a low budget.

e Use of devices that are readily available when working
in such environments.

e Mobile enough to easily install and move between sites
and measurement locations, i.e., light weight and small
in size to allow for easy transport over long distances
without the need of vehicles for transport, and setup and
operation by only one person.

For a free gas outflow and under the assumption of an
ideal gas, the volume of gas V [m®] is expressed following
the ideal gas law with

nRT
p

V= M
where 7 is the amount of gas molecules [mol], R as the ideal
gas constant [m? bar mol~! K™!], T as the absolute tempera-
ture [K], and p as the gas pressure [bar]. The gas volume
advectively released from a point source is a direct function

of the gas flow velocity v [m/s] and the cross-sectional area
A [m?] through which the gas flow occurs in the time 7 [s]

V = vAt 2)
With this, the gas flow rate ¢ [mol/s] can accordingly be
expressed as

¢=

n pvA
L= 3)

"~ RT
Depending on the type of gas concentration measure-

ments, it might be more convenient to express the gas flow
rate in terms of gas mass m [g] with

m = nMc 4)

where M is the molar gas mass M [g/mol], and the volumet-
ric gas concentration ¢ [vol%], thus the gas mass flow rate
i [kg/s] is given by

. pcvA
Mm=BT &)

with the specific gas constant R [J kg~! K~!] which is e.g.
188.92 J kg~! K~! for CO,.

To measure the volumetric flow rate of a gas emanating
from a point source according to (5), a chamber with an
open outlet of known geometry, i.e. open area A is required
at which the velocity v of the streaming gas, its temperature
T, pressure p, and the gas concentration ¢ can be measured.
To capture the gas emanating from a point source, we utilize
a funnel-like chamber with a base area large enough to cover
the point source (in our case CO, mofettes of different sizes)
and to collect all emanating gas from the point source. Free
gas outflow occurs through a chimney with known geom-
etry. The diameter of the chimney has to be sufficiently large
to guarantee unrestricted and laminar outflow of the gas,
though the diameter should also be small enough to gener-
ate a sufficient gas flow velocity to allow for a reliable gas
velocity measurement.

Our realization of the gas-flow funnel

Based on the above-described requirements and conditions,
we constructed a modular system shown in Fig. 1, in the
following addressed as “gas-flow funnel”: It consists of (i)
a gas-tight hood to collect the emanating gas from the point-
source, (ii) a chimney to focus and quantify the amount of
emanating gas, and (iii) several ports in the hood and chim-
ney allowing the installation of sensors for measurements
of pressure, temperature, gas flow velocity, and gas con-
centration as well as gas sampling. The hood consists of
a half metal barrel, in which we cut a central opening of
several centimeters in diameter for the chimney and several
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Fig. 1 a Sketch of the "gas-flux funnel" to determine mass flux from
a CO, point source, and b photograph during its field application to
quantify the CO, mass flux from a mofette including a gas detector,

smaller openings serving as access ports close to the rim.
The geometries of the gas-flow funnel used at our test site
are given in Table 1. The chimney, consisting of a 600 mm
long PVC pipe with a nominal inner diameter of 26.5 mm, is
attached to the central opening of the hood, and in the mid-
dle section of the chimney two openings are used for placing
the gas flow and pressure sensors on opposite sides. The gas
sensor (in our case for CO,) is installed in one of the ports
on top of the hood and not in the chimney to not disturb the
gas flow measurements there. The barrel used as hood has
a relatively thin metal wall resulting in sharp edges, which
helps to easily push the hood into the ground, inducing only
small disturbances of the soil, and creating a tight connec-
tion to the surrounding soil. Due to the modular setup of the
gas-flow funnel, all components can be simply assembled at

Table 1 Specifications of the components of the gas-flow funnel

NN

gas velocity, temperature and pressure sensors with data acquisition
device. The dimensions of the system are given in Table 1

the measurement location within a few minutes and disas-
sembled for easy transport between sites.

Sensors and data acquisition

For our setup, we used a hot-wire anemometer (Ahlborn
Mess- und Regelungstechnik GmbH, Holzkirchen, Ger-
many) for measuring the flow velocity of the streaming gas
within in the chimney. The use of a hot-wire anemometer
has the advantage, e.g. over cup anemometers that the sensor
itself only disturbs the free gas flow as little as possible. For
that reason, we assume that a potential disturbance occur-
ring close to the sensors within the cylinder has a negligible
influence on the measured parameters itself. Since the flow
velocity of the streaming gas is influenced by pressure and

Component Material Length/height Inner diameter Remarks

Chimney pPVC 600 mm 26.5 mm Gas-tight connection to the gas-tight hood and measurements ports,
wall thickness approx. 20 mm

Gas-tight hood Metal 200 mm 400 mm Small wall thickness (5 mm) and sharp edge, measurement ports in top
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temperature, the anemometer system also acquires data for
temperature and pressure compensation. However, an addi-
tional pressure sensor is used for the calculation of mass
flow rates presented here. All sensors are installed in the
chimney of the gas-flow funnel with air-tight couplings
(grey compression fittings at the chimney in Fig. 1b). The
pressure sensor does not reach into the chimney to prevent
disturbance of the gas flow while the gas flow sensor has to
be placed in the middle of inner part of the chimney. The
specifications of the sensors are given in Table 2.

To test the reliability of the flow velocity measurement
within the chimney, we conducted control tests in the lab, in
which we flushed pure CO, gas through the chimney with
different flow rates, which were controlled by a valve and
a variable-area flowmeter. The control tests indicated dif-
ferences between the applied flow rate and the measured
flow rate in the chimney in the range of 2 and 5% of the
measurement value, while we expect that the inaccuracy of
the variable-area flowmeter mainly explains the differences
between the applied and measured rates.

It should also be noted that the measurement range of the
anemometer and the inner diameter of the chimney have to
be selected according to the expected gas flow velocities so
that accurate gas velocity measurements can be achieved,
and turbulent flow conditions with too high Reynolds num-
bers can be avoided within the chimney. Also, to generate
an ideal gas flow profile for an accurate measurement within
the chimney, the upstream and downstream section from the
measurement point have to have a minimum length. For a
straight pipe the minimum distance to the sensor is typically
defined as six to ten times the pipe diameter for the upstream
section (e.g., DIN EN 12599 2012), i.e., in this case approx.
160 to 270 mm, which is why we used a chimney length of
600 mm and placed the anemometer at half of the length.

The data from these sensors was acquired and stored with
a data logger with a low power consumption so that a stand-
ard 12 V battery (7.2 Ah) was sufficient for acquiring data
sets over several days.

The measurement of gas emission rates focused on CO,
emanations for which a respective gas detector (Driger
Safety AG & Co. KG, Liibeck, Germany) was used. The
gas detector is connected to a port on top of the hood via a
rubber tubing. Due to the very high CO, concentrations, a
sensor with a full-scale range of 100 vol% had to be chosen
(Table 2), though it is advisable to also select the meas-
urement range of the sensor according to the expected gas
concentration for accurate measurements.

Installation of the gas-flow funnel

The gas-flow funnel is placed gas tight over the gas exha-
lation point in a way that all emanating gas is caught and
directed through the chimney. When placed over an exhala-
tion point, the open bottom of the hood is pushed into the
surrounding soil. To tighten the connection, the adjacent soil
can be pressed against the hull of the hood after placement.
Furthermore, to verify that all gas from the exhalation site
is caught by the hood, the soil surface around the hood can
be covered with water. The absence of gas bubbles proves a
gas tight connection of the hood to the soil surface. If neces-
sary, sealing can also be improved by adding wet bentonite
or other plastic soil material.

As discussed above, the diameter of the chimney needs
to be selected according to the amount of emanating gas, so
that (i) no backpressure is generated in the gas-flow funnel
which could lead to a lateral leakage alongside the measur-
ing setup or along preferential flow paths in the soil (e.g.,
along plant roots or earthworm tunnels); and (ii) laminar gas
outflow is guaranteed but also a sufficient gas flow velocity

Table 2 Manufacturers’ specifications of sensors used for mass flux determination

Measured variable Sensor/device Measuring range Resolution Accuracy Response time
Temperature Ahlborn FVAD35 hot-wire — 20...+70 °C 0.1K 0.7 °C 10s
Gas flow velocity anemometer 0.08...2.0 m/s 0.001 m/s (0.04 m/s+ 1% of
MV)
0.5% of MV/°C
Pressure Ahlborn FDA602L3A <2.5 bar (absolute) 1.0 mbar 1.0% of MV <5 ms
pressure transducer

CO, gas concentration  Dréger X-am 7000 <100 vol% 0.2 vol% for <25 vol% <1 vol% CO, <10s

1 vol% for 25...49 vol%  <5% MV

2 vol% for>50 vol%
Air pressure DAVIS Vantage 2 PRO 0.8 —1.08 bar 0.1 mbar 1.7 mbar 1 min®
Air temperature —40...460 °C 0.1K 0.5°C 10s*

MV = measured value

*Read out intervals
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is generated for a reliable gas velocity measurement. The
formation of a back pressure is typically observable in the
pressure data e.g. by strong increases and/or fluctuations,
and distinct deviations from the ambient air pressure.

Also, to protect the field equipment from being damaged
by adverse weather conditions (e.g. heavy rain, strong heat
or frost) and prevent skewed measurements, e.g. by strong
heating of sensors, the equipment should be placed under
protective installations (e.g. tent / pavilion / tarp).

Proof of concept, measurement results,
and discussion

To show the applicability of the gas-flow funnel and its per-
formance, we present data collected during three campaigns
carried out at different seasons at a site in in the Upper
Neckar valley in southwestern Germany. The area is known
for numerous naturally occurring CO, springs, which were
industrially used for almost a century. The CO, exhalations
occur most prominently as mofettes, i.e., locally focused,
cold and dry CO, exhalation with concentrations continu-
ously above 98 vol%, appearing as almost round holes or
depressions at the ground surface. Gas measurements in the
past performed in the shallow subsurface (soil gas) as well as
directly above mofettes yielded CO, concentrations between
a few vol% (for areas with diffusion-dominated CO, migra-
tion) and up to 100 vol% (for advectively-driven exhalation
spots, esp. mofettes). A detailed description of the site is
given in Liibben and Leven (2018).

Field site campaigns

For the gas-flux measurements presented here, we selected
the largest, accessible mofette at the site with an almost
round shape and a diameter of approximately 25 cm—see
also Fig. 2a in Liibben and Leven (2018). Three measure-
ment campaigns were carried out at the partly water-filled
mofette over several days during different seasons. Detailed
information on the campaigns is given in Table 3, and the
measurement conditions during the campaigns are described
with the results in the following.

For each campaign the gas-flow funnel was placed over
the mofette as described in the previous section, while it was
sufficient to press the hood into the soil by approx. 5-10 cm
to ensure a gas-tight connection. During all campaigns the
CO, concentration of the emanating gas was determined
at the beginning, at the end, and repeatedly throughout the
campaigns. The measured concentrations were consistently
at 98 vol% or above independent of changing atmospheric
conditions as also previous measurements at the site con-
firm (see also Table 1 in Liibben and Leven, 2018). For
simplicity, we therefore assume in the following a CO,
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Fig.2 Results from field campaign 1. Top row shows the gas volume
flux in 1/min, the second and third row present gas pressure [mbar]
and temperature [°C] and the fourth row gives the calculated CO,
mass flux [kg/d]. The bottom row shows the meteorological param-
eters air temperature [°C] and pressure [mbar]

concentration of 100 vol% and other gas concentrations to
be negligible. Also, during all campaigns we recorded the
atmospheric conditions by a weather station located at the
field site (Vantage 2 PRO, DAVIS, California, USA).
Figures 2 and 3 show the results obtained from the indi-
vidual campaigns with the gas volume fluxes, gas pressures
and temperatures measured within the chimney and the
resulting calculated CO, mass flow rates. Here we also note
that the CO, concentrations were repeatedly and sporadically
measured during the individual campaigns. Statistics of the
measured and determined parameters are given in Table 4.

Campaign 1

The measurements of the first campaign started in the late
morning and took place over a period of three days with-
out precipitation during late fall with comparably small
changes in air temperature of up to around 5 °C with an
average temperature of 2.6 °C. The measured gas tempera-
ture ranged between 5.0 and 7.7 °C with a mean value of
6.1 °C (Table 4).

The gas pressure varied slightly between 969 and
978 mbar over the measurement period, while the air pres-
sure was only slightly but consistently lower in the range of
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Table?a. Measurement Campaign 1 Campaign 2 Campaign 3
campaigns
Season Late fall Early spring Late summer
Duration of campaign 72 h 95h 102 h
Starting time of campaign 10:30 h 16:00 h 11:20 h
Recording interval gas parameters S5and 10 s 10 and 20 s 15s

Recording interval gas concentration
Recording interval weather conditions

Sporadically during the campaigns
10 min during all campaigns

Campaign 2

Volume flux [I/min]

y E
980/\—\_—”;

960 ¢ . . . . . . . 3

980
960

1 L 1

0 10 20 30 40 5 60 70 80 90

Time (h)

Fig.3 Results from field campaigns 2 and 3. Top row shows the gas
volume flux in 1/min, the second and third row present gas pressure
[mbar] and temperature [°C] and the fourth row shows the calculated

Campaign 3

Volume flux [I/min]

50 ' l\ s

0 . . . . .

Gas pressure [mbar]

960 ¢ . . . . =

Gas temperature [°C]

0 L ) . ) .
Mass flux [kg/d
200 . [ko/d] . .
100 W
0 L . A L L
Air temperature [°C] and air pressure [mbar]
20F : : : ;
10 "‘%j—\\//_\\//\\_ 1980
7
0F ) L . . 7960
0 20 40 60 80 100

Time (h)

CO, mass flux [kg/day]. The bottom row shows the meteorological
parameters air temperature [°C] and pressure [mbar]

Table 4 Statistics of the

. Measured parameters
measured and determined

Campaign 1

Campaign 2 Campaign 3

parameters during the

Min Max u o

Min Max u c Min Max u c

measurement campaigns

(u=arithmetic mean, Gas flow velocity [m/s] 0.87

o =standard deviation, note: Volume flux [I/min] 27.8

for the statistics measurement Gas pressure [mbar] 969

artefacts caused by abrupt .

changes in gas flow velocity Gas temperature [°C] 5.0

were omitted) CO, mass flow rate [kg/d] 73.0
Air pressure [mbar] 964
Air temperature [°C] 1.3

1.17 102 0.04 061 1.07 083 007 06 1.1 09 0.07
374 326 14 194 342 264 23 205 340 274 14
978 975 2 965 991 978 7 975 988 983 3
77 60 05 05 134 72 28 76 206 134 3.1
98.6 86.0 3.7 525 892 696 54 539 858 711 53
972 969 25 959 982 972 7.1 972 983 978 3.0
66 26 10 -35 157 69 41 06 244 109 65

964-972 mbar with a comparable variability. The difference
in the measured gas and air pressures lies within the accu-
racy of the respective sensors and the data showed a very

similar trend with only little variation during the campaign.
This indicates a predominant influence of the air pressure
on the gas pressure sensor, and it can be concluded that no
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back pressure was generated in the hood and no significant
changes in exhalation pressure occurred. An almost identical
trend of both temperature graphs was also observed, though
the gas temperatures are a few degrees higher due to the gas
passage through groundwater, but they also show a slight
influence of the diurnal cycle of the atmospheric tempera-
ture with highest values in the early hours of the afternoon
(around 13:00-15:00 h).

The measured gas velocity in the chimney was also com-
parably constant, the resulting volumetric emission rates var-
ied between approx. 28 L/min and 37 L/min (mean: approx.
33 L/min). Following Eq. (5) and assuming the emanation
of pure CO, this results in CO, mass flow rates ranging
between approx. 73 kg/d and 99 kg/d (mean: 86 kg/d). The
resulting time series of the CO, mass flow rate is compara-
bly constant with a comparably small standard deviation of
3.7 kg/d.

After around 60 h, an abrupt change in gas flow veloc-
ity, and accordingly in volumetric and mass flow rates was
measured, which however only decreased during the fol-
lowing 6 h. Such jumps were also observed during the other
campaigns and are considered an artefact, discussed in more
detail later. Therefore, the outlier data was eliminated and
not incorporated in the statistical evaluation of the data
(Table 4). A similar abrupt change can also be seen after
around 15 h in the data, but due to its small magnitude and
short duration, it was not considered further.

Campaign 2

The measurements of the second campaign started in the
afternoon and took place over four days without precipitation
in early spring during a period with a larger variability of the
air temperature (— 3.5 °C and 15.7 °C) than during campaign
1 (Table 4), and with a clear diurnal cycle with maximum
temperatures in the hours of the early afternoon. The meas-
ured gas temperature data showed a slightly smaller range
between 0.5 and 13.4 °C and a smaller variability. Again, the
air pressure was slightly lower than the gas pressure, with a
similar range and variability. Here also an almost analogous
trend was observed between the atmospheric parameters and
the gas pressure and temperature although latter showed
more fluctuations during this campaign.

The measured gas velocity in the chimney was also com-
parably constant, the resulting volumetric emission rates var-
ied between approx. 19 L/min and 34 L/min (mean: 26 L/
min), which results in CO, mass flow rates ranging between
approx. 53 kg/d and 90 kg/d (mean: 70 kg/d). The resulting
time series of the CO, mass flow rate is again comparably
constant with a small standard deviation of 5.4 kg/d.

Approx. 25 h after the start of the campaign, the air tem-
perature dropped continuously in the late afternoon to reach
a minimum below 0 °C during the night, which resulted also
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in a gas temperature of 0.5 °C. During this period, the vol-
ume flux showed an abrupt increase and decrease for about
approx. 2 h.

Campaign 3

The measurements of the third campaign started in the late
morning and took place over four days without precipita-
tion in late summer. The air temperature showed the highest
values of all campaigns (Table 4) with the most pronounced
diurnal cycles (0.6-24.4 °C). The cycles are also represented
in the gas temperature data, though with higher values on
average (7.6-20.6 °C) and less variability. Air and gas pres-
sure values were similar to the previous campaigns but with
less variability, and both show a slight, continuous decrease
over the entire campaign.

The measured gas velocity in the chimney was also com-
parably constant, the resulting volumetric flow rates var-
ied between approx. 21 L/min and 34 L/min (mean: 27 L/
min), which results in CO, mass flow rates ranging between
approx. 54 kg/d and 86 kg/d (mean: 71 kg/d). The resulting
time series of the CO, mass flow rate is again comparably
constant with a small standard deviation of 5.3 kg/d.

During this campaign also pronounced sudden increases
and decreases appeared in the measurement of the volumet-
ric flow rates (after around 44, 69, and 92 h) which always
coincided with minima in gas and air temperature.

In summary, all three campaigns demonstrate the capa-
bility of the gas-flow funnel for reliable and reproducible
results of CO, mass flow rates, and that the gas flow velocity,
i.e., volumetric emission, is the driving factor controlling the
mass flow rates. Accordingly, air and gas temperatures and
pressures have no or only a very minor effect on the resulting
gas emission rates. Considering the seasonal changes and
associated differences in atmospheric parameters (especially
pressure) during the campaigns, it can be concluded that
changes in atmospheric conditions had no observable influ-
ence on the measured gas flow rates at the site. However, it
cannot be excluded that storms or other strong meteorologi-
cal events might have an impact of the gas emission.

The mean values of volumetric and mass flow rates of
all three campaigns are within a close range with average
values between 26—-33 L/min and 70-86 kg/d, resp. The
higher mass flow rates determined on average during the
second and third campaign are most likely caused by gener-
ally higher gas flow velocities, which are most likely caused
by a slightly different placement of the anemometer sensor
within the chimney, which was better controlled from the
second campaign on.

The estimated CO, mass flow rates are consistent with
findings from other field sites with comparable CO, exhala-
tions, e.g. 0.3-8 kg/d from focused emissions in the area of
an inactive volcanic complex in Romania (Kis et al. 2017),
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and 1.5-276 kg/d from focused emissions from water and
mud pools in the area of Mt. Etna (Giammanco et al. 2007).

Measurement artefacts

As stated above, changes in atmospheric parameters had in
general no or only a very minor impact on the gas volu-
metric flow rates. However, the diurnal changes in atmos-
pheric temperature are also visible in the gas temperature.
It is obvious that the abrupt changes in gas volumetric and
mass flow rate in campaigns 2 and 3, which are considered
as measurement artefacts, seems to be linked to a significant
decrease in the air and gas temperature. To investigate the
reasons for these artefacts, several shorter gas flow measure-
ments were performed at the mofette, during which the hot-
wire anemometer was removed from the chimney as soon as
the flow velocity values increased to the full scale of around
2 m/s. The tests showed repeatedly that water covered the
sensor tip of the hot-wire anemometer, resulting in a sensor
cooling and leading to unrealistic gas flow velocity values.
The water film on the sensor tip most likely formed by con-
densation of the water—vapor of the emanating gas.

Conclusions

We presented a simple gas-flow funnel system for the con-
tinuous measurement of gas volume and mass fluxes out
of focused gas emanation point sources. For the proof-of-
concept we tested the system during three field campaigns
at a site with advective natural CO,-bound emissions asso-
ciated with a geologic fault in southwestern Germany.
The recorded data shows to be comparable and repeatable
throughout the three campaigns, but also includes phases of
distinct and short-term fluctuations, while no or only very
weak effects of changes in atmospheric conditions are obvi-
ous in the time series. Only strong temperature drops partly
caused a severe influence on the gas flow recording due to a
water condensation at the anemometer leading to unrealistic
gas flow velocity values. These disturbances occur however
only for short periods and can easily be detected due to their
clear pattern in the time series of the gas flow velocity.

The general design presented here can easily be applied
at sites with focused, advectively driven gas exhalation like
volcanic areas, shale-gas seeps, landfills, and open bore-
holes. The equipment used for our gas-flow funnel is inex-
pensive, small, light in weight, and easy to build and set up
in the field. The sensors and standard acquisition units used
with the system usually have only a low power consump-
tion and sufficiently large data storage to acquire time series
in extensive field campaigns of several days to even a few
weeks. The data acquisition unit we used would even allow
for setting up a wireless data transfer and remote control to

reduce the number of field visits during longer measurement
campaigns. Also, the sensor array can be simply adapted to
other gas compositions and flow velocities. For latter it is
however also necessary not only to select an anemometer
with an appropriate measurement range, but also to adapt
the geometry of the chimney so that gas flow velocities are
generated that are in an optimal measurement range, but
also no back pressure and turbulent flow is generated in the
chimney possible causing skewed gas flow velocities.

The measuring setup can be easily customized to a lot of
other site-specific conditions which in our opinion is one of
the largest challenges when working at such sites. For exam-
ple, the size of the exhalation spot can be highly variable,
and this can be handled easily by changing the size of the
hood. An application in aquatic environments, e.g. in near
shore area in lakes or rivers is also possible after adapting
the height of the hood, so that it either floats on water or is
completely submerged and placed on ground.
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