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ABSTRACT

Measuring the carbon dioxide (CO,) mass flux in a volcanic environment is necessary for volcanic monitoring. CO, mass flux must
be measured continuously and telemetrically to get, almost in real-time, a better understanding of the dynamics of the volcanic
degassing processes, contributing to the building, together with other monitoring technics, of a volcano behavior model. This
study presents two analytical solutions, 1) a simple diffuse solution and 2) an advective-diffusive solution, which both implement
NDIR (Non-Dispersive Infrared Emitter) sensor arrays in an open chamber (diffusion chimney) and an exchange chamber (gas
interchanger). The first system, for which the gas speed is negligible, despite being basic (with values reflected in the slope of an
equation line), introduces mass flux calculations with a single sensor NDIR. For the second system, where the gas speed is part of
the equation, another mathematical solution and three measuring points are required, which demands the system to include a se-
cond NDIR sensor for the correct mathematical solution of the equations system. In addition, an embedded system can automate
the method by calibrating, controlling an agitation fan, and recording temperature, pressure, and mass flux in volcanic soils at the
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surface. Since this theoretically proposed method needs to be tested, experimental data are expected to validate the measurement
of CO, mass flux, which will be used as a helpful tool for volcanic monitoring.

Keywords: Volcanic monitoring, volcanic activity diagnosis, embedded system, CO, mass flux.

RESUMEN

La medicién del flujo de diéxido de carbono (CO,) en un ambiente volcanico es una necesidad para el monitoreo volcanico. El
flujo de CO, se debe medir de manera continua y telemétrica para una mejor comprension, casi en tiempo real, de la dindmica de
los procesos de desgasificacion volcénica, que contribuyan a la construcciéon de un modelo de comportamiento volcanico, junto
con otras técnicas de monitoreo. Este documento presenta dos soluciones analiticas, la primera es una solucién difusa simple y
la segunda es la solucion advectiva-difusiva, que implementan un arreglo de sensores NDIR (emisor de infrarrojo no dispersivo)
en una camara abierta (chimenea de difusién) y una cimara de intercambio (intercambiador de gases). El primer sistema, a pesar
de ser bésico (con valores reflejados en la pendiente de una linea de ecuacién), y para el que la velocidad del gas es despreciable,
permite introducir a expertos en este campo en los calculos de flujo de este tipo con un solo sensor NDIR. Para el segundo siste-
ma, donde la velocidad del gas es parte de la ecuacidn, se requiere otra solucion matematica y tres puntos de medida, que exige
la inclusion de un segundo sensor NDIR para la correcta soluciéon matemética del sistema de ecuaciones. Un sistema embebido
puede automatizar el método por calibracién mediante el control de un ventilador de agitacion, que registre la temperatura, la
presion y la medicion del flujo en suelos volcanicos en la superficie. Este método propuesto tedricamente necesita ser probado, por
tanto se esperan aportes experimentales para validar la medida de flujo de CO, como una herramienta poderosa para el monitoreo

volcanico.

Palabras clave: Monitoreo volcanico, diagnéstico de la actividad volcdnica, sistema embebido, flujo de CO,.

1. INTRODUCTION

The Earth emits gases, which are specific and possibly measu-
rable as soil gas emissions in certain geological environments
such as volcanic areas. Some gases are related to changes in
the volcanic activity allowing its evaluation. Soil gas emissions
have also been investigated in earthquake areas and along ac-
tive fault zones (Allard et al., 1991; Badalamenti et al., 1988,
1991; Diliberto et al., 1993; Giammanco et al., 1998; Chiodini
and Frondini, 2001; Gerlach et al., 2001; Ciotoli et al., 2003).
Active volcanoes have been monitored periodically through
the measurements of soil gas emissions because it is a good
sign of change in their activity, and in many volcanic areas,
there have been different projects in order to obtain accura-
te measurements for this purpose (Wakita, 1996; Ciotoli et al.,
1998; Guerra and Lombardi, 2001; Rogie et al., 2001; Spicdk
and Horalek, 2001; Salazar et al., 2002).

According to Sahimi (1995), diffusion and advection result
from the two different processes of the gas flux through natu-
ral soil. There are several ways to measure the CO, flux. One
method, for example, is the calculation of the CO, flux from
the concentration gradients in the soil (Baubron et al., 1990).
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In addition, it is possible to measure the absorption of CO, in a
caustic solution, as in the alkali absorption method (Witkamp,
1966; Kirita, 1971; Anderson, 1973), or to measure the diffe-
rence in CO, concentrations between the inlet and outlet air
in a closed chamber, as in open flow infrared gas analysis (Wi-
tkamp and Frange, 1969; Nakadai et al., 1993).

In the dynamic concentration method (Gurrieri and Va-
lenza, 1988; Giammanco et al., 1995), the measurement of the
CO, content in a mixture of air and soil gas is obtained from
a special probe. Gurrieri and Valenza (1988) deduced that the
dynamic concentration is proportional to the soil CO, flux ac-
cording to an empirical relationship. For example, Camarda et
al. (2007) used the dynamic concentration technique in Vulca-
no, which belongs to the Aeolian Islands, in Italy.

Accurate measurement of CO, emission in a volcano’s soil
can be done with a “gas accumulation chamber” devise which
consists of a noninvasive CO, concentration measurer (such
as the NDIR method) and a known volume chamber placed on
the soil surface. The gas accumulates in the chamber, and it is
registered using, for example, a West Systems instrument with
a LICOR LI-800 Non-dispersive infrared CO, detector (Tonani
and Miele, 1991; Bekku et al., 1955; Norman et al., 1992; Chio-
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dini et al., 1998; West Systems, 2012). With the calculation of
the accumulation slope with respect to the time and the system
constants, it is possible to obtain the CO, mass flux from the
sampled point. This technique, clearly manual and designed
for research and monitoring (Hernédndez et al., 2001), needs
complex automation for continuous and telemetric use to mo-
nitor a volcano status. The accumulation chamber technique
has been used in volcanoes such as the Stromboli volcano
(Inguaggiato et al., 2013), in the volcanic areas of Solfatara of
Pozzuoli, and the Vesuvius volcano (Cardellini et al., 2003), all
of these in Italy; El Chichén volcano in Mexico (Jacome et al.,
2016); Mount Fuji volcano (Notsu et al., 2006) and Miyakejima
volcano (Hernandez et al., 2001), both in Japan.

On the other hand, some authors have mentioned open
chamber measurement techniques (Janssens et al., 2000 and
Camarda et al., 2007). However, they have not been popula-
rized due to difficulties with wind impacts, pressure changes,
and system size. This paper shows the analytical solution for
the measurement of CO, mass flux, based on an open cham-
ber (diffusion chimney (DC) in this paper) and an exchange
chamber (gas interchanger (GI) in this paper). This study pro-
poses a model to monitor the CO, mass flux in the soil for an
active volcano, but it is also possible to use it for other purposes
like agriculture. Furthermore, using one or two NDIR sensors
capable of measuring CO, would make it possible to measure
diffuse and advective-diffuse cases, respectively.

Using the newly proposed technique, a stations network
could continuously measure CO, emitted at a specific volcano
area per day. It could be validated with non-continuous and
non-telemetric measurements, for instance, using the portable
manual accumulation chamber instrument. This document
proposes an analytical solution for this type of system. It takes
advantage of the reduced number of mechanical parts required
for their implementation, allowing an automatic and conti-
nuous measurement of CO, mass flux in volcanic soils.

The solution of a 3 x 3 equation system does not require
knowledge of the soil characteristics that condition the speed
of the gas that emerges due to advection-diffusion. The place-
ment of two NDIR sensors inside the open chamber (diffusion
chimney (DC) in this document) allows calculating this speed
without affecting the CO, gradient. A new parameter called N
will establish the state of the measurement system in a sim-
plified way, defining the diffusive or advective-diffusive state
and the inflection point. Additionally, new strategies are added
in the design stage to minimize the difficulties already studied
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by other authors of the opened chamber techniques and to
advance the alternative designs of continuous CO, mass flux
measuring equipment for volcanic applications with an open
chamber.

2. DEFINITIONS

Diffusion chimney (DC): The tube that connects the soil with
the gas interchanger (GI). It allows mixing of the CO, gas that
emerges from the ground with the atmosphere so that its con-
centration slowly decreases until it reaches the GI. Ideally, the
soil emits a very high concentration of CO, gas and it decrea-
ses to reach the natural environmental concentration of the
air through the DC and the GI (Camarda et al., 2007). As will
be seen in the theoretical example defined by the new factor

N (defined below), the transition from a diffusive to a diffu-

mg

sive-advective flow will be a value of approximately 1.47 >,

(see section 7.4).

Gas interchanger (GI): A tube system with a diameter bi-
gger than the DC with ventilation holes. A homogeneous sam-
ple of the external gas is stored within the volume as a reference
concentration well with or without external airflow. The tube
at the bottom is in contact with the transmitting DC of CO,.

NDIR: The CO, sensor under the Non-Dispersive Infrared
Emitter (NDIR) technique, which obtains the concentration of
CO, (ppm) in the DC in one position.

CO, mass flux: defined as J(z, C) { e } is the mass of CO,

sxm?

per time unit and per area unit, calculated from a physicoche-
mical model that integrates diffusion and advection. CO, ass
flux is obtained by measuring the CO, concentration using the
NDIR sensors, recording their position within the DC, estima-
ting the external reference concentration, and considering the
system’s constants and variables.

3. PRINCIPLES OF THE MEASUREMENT SYSTEM

The proposed system can detect CO, mass flux emissions by
diffusion and advection by measuring the concentration of
two NDIR sensors in a DC and the base level of environmental
concentration of CO, in a GI. In low mass fluxes, the diffusion
predominates and needs only one sensor. However, in high
mass fluxes, the system is governed simultaneously by diffu-
sion and advection (Gurrieri and Valenza, 1988) and requires
the data of the two sensors.
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3.1. Diffusion process

» Each time there is a change of the CO, concentration in the
soil, that is, the lower part of the DC, a diffusion process
occurs between two gases (gas coming from the soil and
gas in the air), reflected in mass flux (Garcia, 2020). This air
with a higher CO, concentration (higher molecular weight)
occupies spaces in the upper air of the DC, where one of
the CO, sensors is located (upper NDIR sensor), gradually
reaching the external equilibrium concentration measure
reference through the GI.

» The above-mentioned process has two analyses:

e Stationary: If the CO, emission is without variations in
time, the diffusion will enter a stationary state. Remo-
ving the time variable from the system makes it possible
to obtain the constant CO, mass flux.

¢ Temporary: If the phenomenon’s behavior is studied
from the temporal point of view, it is possible to deter-
mine the linear measurements of the system’s DC and
the GI, adjusting it to the required sensitivity. Similarly,
it is possible to get the response time of the system.

The above two analyses will be performed according to 1%
and 2™ FicK’s law, respectively, based on the mass transport
phenomenon where no chemical reaction occurs within the

physical kinetics of gases.

3.2. Advection process

» When there is a significant change of pressure in the soil
relative to the ambient air, the process of advection, also
reflected in mass flux, is generated along with a diffusion
process in the DC (Camarda et al., 2007). This process
twists the diffusion line of the system, which requires an
additional NDIR sensor (NDIR soil sensor) to solve the
new system mathematically.

» The above also has two analyses:

e Stationary: If the CO, emission is without variations
in time, it will have a behavior where the diffusion and
advection enter a stationary state. Removing the time
variable from the system makes it possible to obtain the
constant CO, mass flux.

* Temporary: If the phenomenons behavior is studied
from the temporal point of view, it is possible to deter-
mine the linear measurements of the system’s DC and
GI, adjusting it to the required sensitivity. Similarly, it is
possible to obtain the response time of the system.
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3.3. Advection-diffusion process

The mathematical model of the CO, mass flux meter is per-
formed under the following laws and principles (Camarda et
al., 2007):

» For diffusion, according to FicK’s 1* and 2™ laws.

» For advection, according to Darcy’s law.

» The principle of mass conservation will be applied.

» It will be considered that no chemical reaction occurs wi-
thin the physical kinetics of gases.

4. THEORY

4.1. Diffusion

Diffusion is a phenomenon studied by physical chemistry,
where systems that are not in equilibrium evolve to states, ei-
ther chemically or physically, until reaching a new equilibrium
(Garcia, 2018). For this case, we will assume only the evolution
to a physically stable state, where the thermodynamic variable
of our system out of balance, can be described as in equation 1:

C,=C, (1) (1)
where:

» C, is the thermodynamic variable of the concentration of
CO,, and for this document, unless otherwise stated, the
concentration shall always refer to CO,.

» 7 is the position vector of the study concentration.

» tis the time.

In 1855 Adolf Fick set two laws regarding the diffusion of
two substances, which can be applied while the following con-
ditions are satisfied:

» The substances are at the same pressure.
» The substances are at the same temperature.
» The substances do not react chemically to each other.

A change in atmospheric pressure generates a mass current
in the system, which must be measured by a pressure diffe-
rential meter. Small changes in atmospheric pressure (~1 hPa)
can generate large errors by increasing or underestimating the
CO, mass flux. What happens is that the atmospheric pressure
works like a pump that injects or sucks gas into the ground, di-
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rectly affecting the mass flux measurement. With the inclusion
of advection in the next section, we will see that this problem
is solved with the calculation of the mass flux velocity and that
the use of a differential pressure meter in the DC could correct
this error in the instantaneous mass flux measurement.

Assume two containers that have a mixture of two substan-
ces A and B, with different concentrations of CO, at the same
temperature T, and pressure P (see Figure 1.)

A
I:’A
A
TA
Z
p
B
B
T
B

Figure 1. One-dimensional diffusion between two gases

The two substances are separated by an impermeable wall,
which in an instant t = 0 is detached to allow the diffusion
of the substance with the highest concentration B within the
substance with the lowest concentration A. Thus, the molecu-
lar movement deletes the differences in concentration between
the two substances, and this spontaneous decrease in concen-
tration differences is called diffusion.

If the variable concentration is defined as C and the subs-
cript A and B as indicators of the substance A and B, then
C, and C, in the distance z change with the function of time.
In Figure 2, C, is equal to C, after a certain amount of time
(t = o). The Z-axis has been arranged horizontally for expla-
nation.
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Figure 2. Diffusion without stable wells in the boundaries
(Left) State for t = 0. (Center) Any value for 0 < f < . (Right) t = co

Diffusion is a macroscopic movement of the system’s com-
ponents due to the concentration gradient. In the proposed
system, this diffusion disappears when the concentration di-
tferences are canceled, indicating that the system has reached
equilibrium. If the concentration differences are kept within
limits, they could reach a stationary state as in Figure 3.

G cA

t=0 t

Figure 3. Diffusion with stable wells in the boundaries
(Left) State for ¢t = 0. (Center) Any value for 0 < f < . (Right) t = o

This new model would be achieved when the two boun-
daries are stable wells of A and B substances concentration in
the study, allowing that at t = e a stationary state occurs in the
concentration at any point.

4.1.1. Fick’s first law

FicKs first law applies to determine stationary behaviors of
diffusion, and it states that the mass flux through a plane be-
tween two adjacent systems is proportional to the concentra-
tion gradient and unidimensionally is written as (Camarda et
al., 2007):

)

— _n 4G
]dif_ D dz

Where:
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» D is the diffusion coefficient in {"ﬂ Note: D will be equal to
air inwards CO, as from CO, to air for practical purposes.

» C, is the concentration in [%}; therefore, the [ppm] unit
must be converted.

mg
sxm?

» ] is the mass flux per diffusion at that point in .
The value of D according to the conditions of pressure and
temperature of the site different from T, = 273.2°K(0°C) and
P, = 1013hPa is obtained from the following formula with
Dysypy = 139 x 107 |"| (Campbell, 1985):
T 1.75 P,
N

DzD(sm(Tn ?m (3)

Where:

» D gy is the diffusion coefficient in pressure and temperatu-
re standard conditions.

4.1.2. Fick’s second law
FicK’s second law applies to determine the temporal behaviors
of diffusion and is written as Garcia (2020):

dc, _  @°C,
=D (4)

Where:
» D is the diffusion coefficient in ["ﬂ and does not depend on
either C, or z.

» Cis the concentration in [%

Because Ficks second law can determine the temporal
behavior, this allows knowing the system’s response time to a
change of mass flux in a non-stationary state.

Equation 4 is a differential equation with infinite solutions,
but one solution applys boundary solutions and can be adjus-
ted to our problem (Busquets, 2011):

C,-C z
= =1~ ferr 5
C-G f (2\/D><t> ®)

Where:

» ferr()) is the error function of Gauss (Callister, 1995).
» C, is the concentration given by the sensor in [ppm].
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» C, is the reference concentration in [ppm].

» C, is the concentration in the boundary in [ppm].
» zis the distance to the point of interest in [m].

» D is the diffusion coefficient in ["ﬂ

» t,is the time in [s].

4.2. Advection

Advection is the variation of a scalar property at a given point,
such as pressure or temperature, by a vector field effect. Here,
the advection process will be defined by the pressure gradient
VP that generates a mass transport process (Camarda et al,,
2006, 2007).

4.2.1. Darcy’s law

In 1856 Henry Darcy published the formula that bears his
name and is currently called Darcy’s law, which defines how to
measure this type of advective mass transport (Camarda et al.,
2006, 2007). Darcy’s law determines the velocity of a fluid as a
function of pressure gradient:

v=—"%yp (6)
u
Where:

» visthe gas velocity in [—ﬂ

» kis the intrinsic permeability, which is the only function of
the soil properties in [m?].

» u is the gas dynamic viscosity in [Pa X s].

» VPis the pressure gradient in {P—nﬂ.

As seen below, it will not be from this equation that v will
be calculated to determine the CO, mass flux, but the analytical
solution with the advantage of using two NDIR sensors. The
mass flux due to advection is obtained knowing the concentra-
tion and speed:

]adv = Civ (7)
Where:

» C,is the concentration in [%}
» visthe gas speed in the diffusion chimney in {%

g |

» ] 18 the mass flux per advection at that point in |5
SXm
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4.3. Advective-Diffusion theory
The simultaneous diffusion and advection processes are defi-
ned as the sum of the two mass fluxes acting simultaneously
(Gurrieri and Valenza, 1988; Sahimi, 1995):
]izjdgf‘l']adv (8)
Using the definitions of equations 2 and 7, the mass fluxes
remain as:
d
Ji=-D%+ Cy 9)
The law of mass conservation must be considered to quan-
titatively describe a system where diffusion and advection oc-
cur simultaneously.
Vo J+%i=0 (10)
Where V - ], is the mass flux divergence J,. By combining

equations 9 and 10 and assuming that v and D are constant, the
next equation is found:

(11)

WC,- DVC, =%

This is the equation for all problems where diffusion and

advection are simultaneously involved. The one-dimensional
equation to be applied to the DC would be:

aC, 1y 9°C, _ 3G,
Vo D 022~ ot (12)
And in a stationary state:
aC, PG _
0z D 02 0 (13)
Which has a general solution (Isachenko et al., 1980):
Cz)=ADev +B (14)

Where A and B are constants that depend on the boundary
conditions.

If this solution is tested to the two points model of concen-
tration measurement, it is found that equations will be missing
because apart from A and B, the value of v is also unknown.
For this reason, it is necessary to place another NDIR sensor to
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have three equations and solve the three variables of the system
(see section 5.3. Equation’s approach).

5. Mass FLUX METER OF C02 BY ADVECTION AND DIFFUSION

The CO, mass flux meter of CO, by diffusion and advection
proposed in this study works with two coupled chambers whe-
re diffusion and advection occur in the DC. Also, in the GI, a
rapid diffusion occurs with the atmospheric air. The advection
product of the pressure gradient has significant effects for ve-
locities v, which are greater than a numerical tenth of D, that is,

% for a normalized diffusion chimney z = 1.

V> 15

5.1. Considerations

» In the DC, the measurement is performed with two CO,
sensors. In general, the DC is long, narrow, and has a much
smaller volume than the GI.

» The GI works as a reference well for the wind filter and ex-
ternal atmospheric concentration, allowing the diffusion to
operate in quiet and isolated from the outside. In general,
the GI is short, wide, and has a much larger volume than
the DC.

Due to the dimensions and openings of the DC and GI, the
system:

» Can be at the same temperature everywhere.
» There may be a pressure gradient that generates a mass
flux, deforming the concentration distribution into the DC.

Equally, it is assumed that:

» Gl is bigger than DC.

» There is no chemical reaction between the gases emitted by
the soil and air.

» A sensor is as close as possible to the ground on the DC and
will be called a soil sensor.

» A sensor is at the upper side and is generally one-third of
the length of the DC measured from above. This sensor will
be called the upper sensor.

The upper sensor arrangement in a third of the effective

length is called the cubic solution position; the quadratic so-
lution position is set when the sensor is placed in the middle
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of the tube. This last solution position, although also valid, has
little dynamic range as it will look mathematically.

5.2. The N parameter and the possible states of the
system
On the way through the DC from the soil sensor to the atmos-
pheric air (CO, concentration reference), a diffusive process
occurs simultaneously, as there is a difference in concentra-
tion between the two points, and a diffusion-advection process
can happen if there is simultaneously a significant pressure
gradient. In this way, the DC and the GI will work as follows,
generally for z = —1 (normalized to one meter), and the classi-
fication parameter N is defined as:
D
N=- FTo— (15)

Which determines the status of the measurement system
and is important to know whether the system is in a diffusive
or advective-diffusive state.

The numerical simulation of equation 9 with the solutions
of equation 14 for different system states provides interesting
graphs interpreting the CO, concentration distribution along
with the DC and the N parameter interpretation. These graphs
are obtained for hypothetical speeds and solving only the unk-
nowns A and B in a system of two equations with two variables
knowing speed v. In sections 5.3. and 6.2. show the approach
and solution of the equations that already consider the velocity
v for an analytical solution that completes the system.

Possible states of the system, changing v and its relationship
with the N parameter:

»  Without diffusion and advection (N >> 1, v =0, z = —1):
when there is no difference in the CO, concentration be-
tween the ends of the DC, the limits of which are the air
near the ground and the GI, there will not be a gradient
triggering the movement of any molecules. Inside the GI
will have a reference concentration given by the atmo-
sphere. Therefore, at any time, the two NDIR CO, sensors
will have a concentration in ppm of the same proportion.
If there is no less likely diffusion, there will be the advec-
tion resulting from a large pressure gradient between the
ground air and the atmospheric air. Figure 4 shows an il-
lustrative graph where the two lines have been separated
for demonstrative purposes.
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Advection-diffusion curve

00 200 400 60.0 80.0 1000

Depth in meters

—— Advection-diffusion curve

—— Diffuse line

N>>1
v=0

% relative concentration of CO,

Figure 4. CO, percentage concentration with respect to depth for v=0

» With diffusion and without advection (+ o >> N > 1,
0O<v <1%, z = —1): when there is a CO, concentration dif-
ference between the ends of the DC whose limits are the
soil and the GI, there will be a gradient that will mobilize
CO,. Inside the GI will have a reference concentration giv-
en by the atmosphere. At t > 0, with the system’s charac-
teristics and under a continuous emission of CO,, the CO,
NDIR sensors located inside the DC will record concen-
tration changes. The difference in concentration in two
environments works as a diffuser element of CO, (denser)
to normal air (less dense), and the difference in this con-
centration between the soil sensor, the upper sensor, and
the reference concentration given by the atmosphere is the
essence of the mass flux meter. The point of v = TD() was cho-
sen so that the error difference between the only diffusive
and the advective-diffusive models would be a maximum
of 1%. See Figure 5.

» With diffusion and advection (1 > N > 0, v 21%, z=-1):
when there is a significant pressure gradient of CO, be-
tween the air near the ground and the atmosphere, there
will be a CO, mass flux between the DC and GI. This new
mass flux is more significant than the CO, mass flux by dif-
fusion. The effect on the diffusion line is to bend it upwards
with a peak of about one-third relative to the diffusion line.
This match allows for a higher dynamic range of the system



Analytical solution of CO, mass flux measurement with Non-Dispersive Infrared sensors for soil in diffusive and advective-diffusive regime:

in the upper sensor, significantly decreasing system errors.
The valueof N=1ov = 10’—22 is called diffusion to advec-
tion-diffusion transition and is the point that corresponds
toa maximum error of 1% compared to alinear model using
FicK’s first law. Figures 6a and 6b show the case of 0 < N < 1,

D andN=0,v>> TD()'

V>10

Advection-diffusion curve
00 500

el 2\
ol N\
\
N\
AN
AN

1000

Depth in meters

—— Advection-diffusion curve

Diffuse line

+oo>> N> 1
D
-1 N O<v<is

% relative concentration of CO,

Figure 5. CO, percentage concentration with respect to depth for + co >> N >

D
1,0<v< 10

In summary, the performance of the system is based on the
fact that a gas exposed to another is mixed evenly due to its
intrinsic gas movement (diffusion) and also simultaneously by
a pressure gradient that generates a velocity v (advection). The
value of N determines:

» N>> 1, there is almost no mass flux by diffusion.
» N> 1, is only diffusive.

» N =1, it has an advective-diffusive transition.

» 1> N> 0 is advective-diffusive.

Two NDIR sensors at two points in the DC are required to
perform the CO, mass flux measurement and thus solve the
equations for the two diffusive and advective phenomena wi-
thin the physical kinematics of the gases.
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5.3. Equation’s approach

The approach of equation 14 in three points of the diffusion
chimney allows to solve A, B, and v, and hence to find the
J; mass flux as a function of three concentrations C,,,;, C
Cs
understanding, the next notation is defined:

Upper’
and the constant parameters D, z,, z,, z,. For an easier

nvironment
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» z=z,=0: Position at the top edge of the diffusion chimney.

» z=z,; Position in the upper third of the diffusion chimney
(or in the middle).

» z =z, Position in the soil of the diffusion chimney.

» C(z=2z) = C, = Cppironmens: Example of environmental refe-
rence concentration 404ppm (for 2017) for this document
(WMO, 2019).

» Clz=z,)=C,=Cy,,: is the concentration at the point z,.

» C(z=z)=C,=C,,: is the concentration at the point z,.

Note 1: Each concentration given in ppm must be converted to
[%}, so the CO, measurements given by the NDIR sensors must
be converted according to pressure and operating temperature.
Note 2: For all calculations, the coordinates axis will be positi-
ve upwards from the ground.

Table 1. Table of the physical model, boundary conditions, and equation 16

The detailed solution of this system can be found in the
analytical solution in section 11.1. and have as a purpose two
solutions: z, =2 X z, and z, = 3 X z,. The first is called a quadra-
tic solution, and it is not practical because it limits the dynamic
range. The second is called a cubic solution and fits well to the
dynamic range due to the displacement of the concentration
curve to the DC’s upper third by the effect of the gas speed for
1>N>0.

Figure 7 will be the reference for all explanations of the
hypothetical assembly of the system for the CO, measurement
in the other sections. In the case of v = 0, only the upper sensor
shall be considered.

Diffusion chimney (DC) Boundary conditions Mathematical equation
z,=0 = z =7, = 0: Position at the upper edge of the diffusion chimney.
o= 404 s dz=2)=G (z=2=0)=A2+B=C =404 (16.1)
Co= Cppironment = 404ppm Example of environmental concentration reference.
7, G, = z= z,: Position in the upper third of the chimney diffusion (or in the middle).
s Uz=2)=C Cz=2)=A2eb" +B=C, (16.2)
Ca= Cupper
Is the concentration at the point z,
= z= z,: Position in the soil of the diffusion chimney.
Z, G = (z=2)=C( v
v e Cz=2)=A2et" +B=C, (16.3)
Co=Csoi
Is the concentration at the point z,.

Boletin Geoldgico 48(2)
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Air entrance

P

—e:’ Fan

Gas Interchanger
(G

J Air entrance

Telemetry

Upper Sensor CO, NDIR

Soil Sensor CO, NDIR

Z0C0

ZaCa

Zb Cb

Soil

Diffusion Chimney
(D)

Figure 7. Assembly of a prototype embedded system for the measurement of CO, mass flux by diffusion and advection

6. MASS FLUX CALCULATION

6.1. The solution forv=0

The calculation of the J; mass flux for v = 0 is obtained by inte-
grating equation 2 (FicK’s first law), and for the point z = z, and
the concentration C,, it will be:

mg

sxm?

Ji(5 €)= =25

z

(17)

6.2. The solution forv = 0

The calculation of the ], mass flux for v # 0 is determined by
equation 9 with the solutions of equation 14 (see analytical so-
lution number 11.1.2). After replacing the terms A, B, and v
and simplifying, J; will be as follows:

»

»

J,=Bxv| ] (18)
Where v is obtained from:

- (12x D (19)
And where Y is:

Y=—1+ 1—4x1—§€izg§;)) (20)
2

Where:
C,>C,>C,

z, = 3 X z, (is the cubic solution, see the analytic solution
in11.1.2)
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The value of B is obtained as follows:

1)

This means that it is only necessary to know C,, C,, C, D,
and z, to get A, B, and v, and thus obtain the J, mass flux as long
as it is satisfied that C, > C,> C,and z,=3 x 2,

7. THEORETICAL EXAMPLE

Suppose there is a diffusion chimney one inch in diameter and
one meter long with a gas interchanger large enough to retain
at its top a stable environmental concentration independent
of the wind. There are two CO, concentration sensors, one at
ground level at 1 m and the other at 0.333 m from the end of
the chimney inwards. The system runs at 4,600 masl (Pressure
566 hPa), and the air temperature is almost constant at 10°C.
Sensors after 45 minutes show the next concentrations at three
different hours in the day: Measure 1: C, = 1,941.1 ppm and
C,=5,000 ppm; Measure2: C,=17,490 ppm and C, = 50,000 ppm;
Measure 3: C, = 22,644.8 ppm and C, = 50,000 ppm. Assume
C, = 404 ppm as the reference concentration at T = 25°C and
P =1,013 hPa; no adjustments are made for changes in atmos-
pheric pressure, and it is recalled that length measurements are
negative.
Questions:

mg
sxm

a) How much mass flux in

.| is being emitted for the mea-
surements 1, 2, 3?
b) Determine for measurements 1, 2, and 3 if the system is di-

ffusive or advective-diffusive.

Data:
» The 1-inch diameter data does not affect the measurement.
» z,=-0.333m.

Table 2. Measurement

Measurement 1 Measurement 2 Measurement 3
G 404 ppm 404 ppm 404 ppm
G, 1,941.1 ppm 17,490 ppm 22,644.8 ppm
G 5,000 ppm 50,000 ppm 50,000 ppm

a) To calculate the mass flux, all values in ppm (the three mea-
surements and points) should be changed to [%} and adjusted

Boletin Geoldgico 48(2)

for 4,600 masl and 10°C. Then the diffusion coefficient is cal-
culated at the operating pressure and temperature. The mass
flux velocity is then calculated using equations 20 and 19. The
mass flux is calculated by equations 18 and 21.

b) To determine whether the system is diffusive or advecti-
ve-diffusive for all three cases, it is necessary to evaluate the
velocity v obtained for the three cases and compare it with D
by equation 15.

In the next sections, a step-by-step process is developed.

7.1. Calculation from ppm to mg/ m® unit

To convert the concentration C given in ppm to [%}, it is ne-
cessary to multiply the ppm (ratio of CO, molecules to total
molecules in one volume) by the molecular weight of CO, and

divide it by the number of moles that fit in that volume accor-
RxT

7
But since the system also works at a different pressure and

ding to the law of gases V =

temperature, the concentration C given in ppm should be passed
} referenced to P= 1,013 hPa

to the concentration C given in[ e

and temperature T = 25°C.

B MWCO2 X Cpopys

_1| mg
Co=—gsg X107
p
PxMw. _ xC
_ CO, PPM 1| mg
Cop=——ger X107 (22)
Where

»  C g is the concentration given in [%}

» P ;ns the pressure in [hPa].
» Mw,, is the CO, molecular weight in {%l (according to the
periodic table 44.01).

» is the concentration given in ppm by the NDIR sensor.

C
PPM
» Ris the constant of the ideal gases that equals 8.315684 in

m?® x Pa
K x mol

» T is the temperature in Kelvin degrees [°K]. (Sum 273.2 to
the value in °C to get °K).
» 107! is the conversion factor of passing hPascals to Pascals,

ppm to real value, and grams to milligrams:

—1 _ 100 Pa -6 1,000 mg
107 = 5 x 1070 x =2%,

For example, replacing C,,, = 5,000 ppm, P = 566 hPascals
(4,600 masl), and 10°C the next result is obtained:
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C me = —2066x44.01 x 5,000

10| ™8
g = 8315684 x (273.2° + 10°) ['"}

C mg = 5,288.66| 2%

m

Performing the calculations of the other values from ppm
to [%} with pressure and temperature adjustment:

Table 3. Results

Measurement 1 Measurement 2 Measurement 3

C, 404 ppm->427.32 [g] 404 ppm-> 427.32 [g] 404 ppm-> 427.32 [g]
C, 19411 ppm-> 2,053.13[%] 17,490 ppm-> 18,499.7 [g] 22,644.8 ppm-> 23,952 [g]

C, 5,000 ppm->5,288.66 [%] 50,000 ppm-> 52,886 [%] 50,000 ppm-> 52,886.6 [g]

7.2. Velocity calculation
Then equations 19 and 20 are used to calculate the velocity of
the gas. To determine measurement 1, the Table 3 values are

used, then:

-1+ [[1-4x

(C - Co)
i q)))

2

(20)

v= In(Y)x D

Zﬂ

(19)

Replacing for measurement 1 in equation 20:

1

Y =0.99666677

(5,288.66 — 427.32))
(2,053.18 — 427.32)

2

1-4x
Y:

Replacing for the measurement 1 in equation 19 with the
value of D adjusted to the pressure and temperature according

to equation 3:

_ In(0.99666677) x 2.66 x 10
= 20333

v=2.66x 107"

For the other measurements, see the following table:
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7.3. Mass Flux calculation
Equation 18 is used to calculate the mass flux:

(18)

Ji=Bxv| 1]

sxm?

But B needs to be known, which can be obtained using

equation 21

—4,890.65 x 2.66 x 10~°

B=4273~ 2.66x 107

B = 489,492

Replacing B by the value in equation 18:

mg
sxm?

J, = 489,492 x 2.66 107

mg
sxm?

J,=0.130

Comparing with the linear solution using equation 17 and

its relative error:

Table 5. Results

Measurement 1 Measurement 2 Measurement 3
Mass flux| 7] 0130} 147} 222}
Mass flux |2
) lem/‘ 0'129lﬂ7‘ 1'47l£7 1-879l£>
(Solution for v=0) s Sam e
Error <1% <1% 15%

7.4. Resolution of the type of transport of matter

For the determination of the type of transport of matter in the
measuring system, that is, if it is diffusive or advective-diffu-
sive, the parameter N of equation 15 is used, evaluated for the
different speeds obtained from Table 4:

» N >>1 there is no mass flux.

» N >1is only diffusive.

» N =1 advective-diffusive transition.
» 0< N <1 isadvective-diffusive.

Note: z= -1[m], D = 2.66 x 10*5[’”{}

Table 6. Results

Table 4. Results Equation 15 Measurement 1 Measurement 2 Measurement 3
- D
Measurement 1 Measurement 2 Measurement 3 N= - oo 10 01
Diffusive Advective-diffusive  Advective-diffusive
Velocity 266 x 107[7] 266 x 10°7] 266 x 10°[7] Type of transport transition
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As seen in the theoretical exercise the system at low velo-
cities delivers the same values as FicK’s first law calculation. At
higher velocities, the system estimates the advective process
and obtains the value of the mass flux as the sum of the diffusi-
ve and advective process.

8. CORRECTIONS

The corrections of the system measurements associated with
the changes in the physical-chemical parameters are:

» Corrections for the isotopic composition of the gas.

» Corrections for atmospheric pressure variations (not cove-
red in this document).

»  Wind effect corrections are associated with the design of
the gas interchanger (not covered in this document).

8.1. Corrections by gas isotopic composition

The carbon isotopic composition of CO, gas is an important
marker for determining its origin in a volcano. The degassing
of CO, in the upper magma shows typical values of 6*C(CO,)
from -9 %o to -4 %o (Camarda et al., 2007). These variations
will have little effect in the measurement system being conver-
ted from ppm to [%} (at the time of using the molecular weight
0f 44.01 of the CO,). The reader could see that only hundredths

could affect the molecular weight value, so the effect can be
mol

m? x day

the isotopic marker in the soil where the measurement will be

considered negligible if the units are given in {

. Studying

made is more important than this small adjustment in the for-

mulas to measure the mass flux.
9. COMPARISON BETWEEN MODELS

For practical purposes, the open chamber model (diffusion
chimney) for v = 0 is compared due to the large numerical
approximation of the results when the + oo >> N > 1 (without
showing the errors) with the closed camera model (accumula-
tion chamber) to see the differences between the measurement
models.

Replacing equations 3 and 22 in equation 17, you get:

mg
s x m?

J (@ C) = 1.21787 x 10 X T X (Cppyy — Cppay) (23)

Where:
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» J(z, C) is the CO, mass flux in { . ;”fnz}
»  Cppy, is the concentration in ppm of the meter located in
the DC at a distance z = z, = -0.333 meters.

»  Cppy, is the atmospheric concentration in ppm.

» Tis the operating temperature in [°K].

As can be seen, the mathematical model depends on a
constant 1.21787 x 107° that includes the diffusion coefficient
D, the distance z = —0.333 meters, the molecular weight of CO,,
and other parameters that do not depend on any other varia-
ble. The dependent variable depends only on the temperature
T and the concentration difference in ppm. In this model, the
pressure P does not affect the model since replacing the equa-
tions is canceled.

For the model of the closed chamber (accumulation cham-
ber), the following equation is used using a West Systems ins-
trument with a LICOR LI-800 Non-dispersive infrared CO,
detector (West Systems, 2012):

PxV(Cf-Ci) _  PxV (Cf - Ci) {

mol
RxTxAxt _R><T><A><10">< t }

sxm?

J(tC) =

Resemble equation 23 by adding molecular weight Mwco,
and 10° which is the conversion factor from grams to milligrams
to adjust units for analysis (without showing errors) and separa-
ting independent variable constants. The following equation is:

PxV(Cf-Ci) _ VxMwg,x 107
RxTxAxt — RxA

><P><(Cf—Ci){ mg} (24)

Txt s X m?

J(tC) =

As it can be seen, the mathematical model depends on a
VX Mwg,, x 107
RxA
volume V, chamber area A, molecular weight Mwco, from the

constant , which are the gas constant R, chamber
CO,, and the value 10~ which is the compiled conversion fac-
tor of grams to milligrams and times of ppm. The dependent
variable depends on pressure P, temperature T, and concen-
tration difference in ppm. The C, - C; value is the difference of
concentrations in time t.

This latter equation 24 has more independent variables
than equation 23. The interesting thing about this analysis is
that the “open chamber” model in the diffuse state only needs
to know the temperature and difference of ppm to calcula-
te the mass flux. Many CO, sensors give this information, so
the absolute pressure sensor for this model range is unneces-
sary, because variable P is canceled out in the mathematical
development.
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Table 7. Comparison of models
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System Constants

Independent variables Simplified model

Open chamber
(Diffusion chamber(DC))
Note: Az =0.333 immersed in 1.21787 x 10°andv =0

1.21787 x 10

Closed chamber Vx MwmZ x 1073
(Accumulation chamber (AC)) T RxA

Px(G-C) a0 { g }

Txt Kac =

sxm?

10. TECHNICAL ASPECTS OF IMPLEMENTATION

The Gl is the key to the system since it is the one that allows the
edge of the DC to occur at the reference concentration given
by the atmosphere. Some recommendations of the system are:

» A strong wind should not influenced it. This is a theore-
tical assumption that must be tested in practice. For this
purpose, the GI must have protection so that the wind does
not generate turbulence on the DC and does not affect the
diffusive process at the beginning of the system. The wind
must be perpendicular to the diffusive axis in the worst-case
scenario.

» There should be external light wind for the system to work
well since the model assumes the atmosphere must give a
concentration reference.

» The area ratio between GI and DC should be at least 100, as
a transition of the flux area of a magnitude of two orders re-
duces the maximum probable speed from 10~ {% to 107 Lﬂ},
causing the GI to function under a diffusive regime. This
allows for equalizing the external environmental concen-
tration in the GI as a more precise measure of the CO, flux.

The sensitivity and response time of the system to CO, de-

pends on:

» The resolution of the NDIR detector of CO,.

» The volume ratio of DC and GL

» The length of the DC.

» The ability of GI to mix gases without being affected by
external wind turbulence.

11. ANALYTIC SOLUTION
11.1. Calculation of advective-diffusive mass flux

To obtain the mass flux equations, we start with the approach of
equations 16.1, 16.2, and 16.3. From equation 18, it is observed

that in order to calculate the mass flux, the constant B must be
calculated first, and for this, equation 16.1 is used:

C(z=2=0)=A"+B=C, (16.1)

Where B will be:
B=C,-A”

As can be seen, B depends on A, and to calculate it, we use
16.2 and 16.3, replacing each one with the previous equation.

Replacing the previous equation in 16.2 and 16.3, respecti-
vely, and obtaining A:

(C.-C)

A=gx—= (21.1)
ep _1

A=px GG (21.2)
eD”’ -1

Equation 21.1 and equation 21.2 are equalized so that only

v is unknown:

(C.-C)

v
en” -1

Ao (G=C) _

v
er’-1

Solving:
(e7" - 1) (C,- C) = (C, - C,) (7 —1)

For practical purposes the following replacement is made
cC,=C,-C,CC,=C,-Cy

(7 — 1) CC, = (e7* — 1) CC,

¢7* CC, — e CC, + CC,— CC,=0 (25)

Servicio Geolégico Colombiano



Oliveras

The solution to this equation has two parts, the quadratic
solution when the sensor is in the middle of the DC and the
cubic solution when the sensor is in the third part of the DC.
The following substitution is performed for the solution:

» To solve in a quadratic way, it is necessary to execute z, = 2 X z,.
» To solve in the cubic form, it is necessary to execute z, = 3 X z,.

11.1.1. Mathematical solution (Quadratic)
The variables to be used are A, B, and v. To obtain B, equation
25 is used, substituting z, = 2 x z,;:

¢ CC, — e CC, + CC,— CC,=0
A variable change is made Y = en:
Y*CC, - YCC, + (CC,-CC,) =0
the quadratic equation solution is applied:

a=CC,b=-CC, c=CC,-CC,

_ —(b) £V b* - 4ac)
- 2a

Y

_ —(=CC,) £V (-CC,)? - 4CCa (CC, - CC,)

Y 2CC,

The next solutions are obtained:

Y, =1
Y, = Valid solution

Changing the variable, the velocity is obtained depending
on C, C, C,, D,and z,.

—_— ln (YZ) D
==

This solution Y, will not be practical, but the solution Y, =1
will be useful for the other solution by applying the substitu-
tionz, =3 * z,.

11.1.2. Mathematical solution (Cubic)
The cubic solution is developed in the same way as the quadra-

tic solution until equation 25 is obtained:

¢7” CC, — e CC, + CC,— CC,=0 (25)
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Replacing z, = 3 x z,, and doing Y = eD™:
Y*CC, - YCC, + (CC,—-CC,) =0

It is divided by CC,

cc, (cc,-cc,)
+ —=

3 _
r-Y cc, cc,

0

Which is a cubic equation of the form:
a,Y’ +b, Y +¢,Y+d,=0
In order to solve the cubic equation, the solution form will

have the form (Y — Y )(Y — Y,)(Y — Y,) whose solutions are

matching term to term:

Y, +Y,+Y,=-"2 (26)
Y, Y,+Y,Y,+Y,Y, =% (27)
Y,Y,Y,=- % (28)

2

As it is known from the previous quadratic solution that
Y, = 1 which replaced in equations 26, 27, and 28, and, in addi-
tion, it is also known that a, = 1 and b, = 0.

DI+Y,+Y,=0=>Y,=-1-Y,
2)Y,+Y,+Y,Y,=¢
3)Y,Y, = —d,

Since there are only two unknowns and three equations,
only two equations are enough to solve the problem since one
of the equations is linearly dependent on another. Therefore, Y,
is obtained from the first and replaced in the second.

-1-Y,+Y,+(-1-Y,)Y,=¢,
_1_Y3_Y32=Cz

Organizing:
Y2+Y,+1+¢,=0 (29)

Which is again a quadratic equation with the following co-
efficients:
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a,=1,b,=1,¢,=1+¢,

Where Y, has a quadratic solution:

- (b,) £V by - dasc,)

Y3 2a,
RS (O ETS
5=

2(1)

When replacing ¢ = %, the next result is obtained:

-1+

1-4x

<q—qw
(C.-Cy)

2

1-—

Y, =

The solution with the positive (+) sign is taken since the
negative solution is a physically not possible solution for this
model:

-1+ [[1-4x{1-

<q—qw
(Ca - Co)

2

Y= (20)

Changing the variable again, the velocity is obtained in the
function of C, C,, C,, D and z,;:
v= In(Y)x D

¥4

a

(19)

12. CoNCLUSIONS

» A stations network implementing the newly proposed te-
chnique would be possible to establish a continuous me-
asurement of CO, per day emitted at a specific area of a
volcano, and it could be validated with non-continuous and
non-telemetric measurements, for instance, using the ma-
nual accumulation chamber portable instrument.

» The solution of a 3 x 3 equations system using data from
NDIR sensors and other parameters does not require
knowledge of the soil characteristics that condition the
speed of the gas that emerges due to advection-diffusion.

» A new parameter in this paper called N will establish the state
of the measurement system in a simplified way, defining the
diffusive or advective-diffusive state and the inflection point.

Tool for the continuous and telemetric measurement of volcanic gases in an open chamber

» The new element, called a gas interchanger, is key to the
measurement system to avoid affectation by wind and ex-
ternal dust.

» Any NDIR with a resolution of 10 ppm has sufficient ca-
pacity to measure a mass flow and the resolution is also
determined by the gas interchanger that sets the external
reference. Therefore, mathematically it can be verified that
10 ppm error generates approximately 1% theoretical error
in measuring the mass flux.

» For the solution of the system of equations, it is necessary
to have the environmental concentration of CO,. The mo-
mentary agitation of the gas could obtain this value with
an agitation fan in the diffusion chimney and the gas inter-
changer. The atmospheric concentration will be reported
simultaneously by NDIR sensors at the time of shutting
down the fan.

» Itis necessary to use an embedded system to determine the
CO, mass flux from the volcano, using a good arrangement
of the concentration, temperature, and pressure sensors
in the tubes, controlling an agitation fan, and processing
data remotely or locally. One difference with open chamber
assemblies is that the inclusion of the gas interchanger is
proposed here.
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