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Abstract

Locating and quantifying anomalous, deep-origin CO, leakage from the soil to the
atmosphere is typically accomplished by interpolating a dataset of point flux measurements,
with overall accuracy and uncertainty strongly influenced by sample spacing relative to
anomaly size and variability. To reduce this uncertainty we have developed the Ground CO,
Mapper, a low-cost complementary tool that rapidly measures, at high spatial resolution, the
distribution of CO, concentration at the ground-air contact as a proxy of CO, flux.
Laboratory tests show that the Mapper has a low noise level (2o = 16 ppm) and fast response
time (Too = 1.55 seconds), while field tests at a small controlled-release site define a high
level of reproducibility and sensitivity and illustrate the impact of wind and survey speed on
instrument response. Modelling based on these results indicates that the Mapper has a greater
than 60% probability of detecting an intersected 2 m wide anomaly having a maximum CO,
flux rate of 75 and 100 g m~ d! at survey speeds of 2.5 and 4.8 km hr', respectively, under
the test conditions. Measurements in a large (4600 m?) field where natural geogenic CO; is
leaking show how the Mapper can produce, in <10% of the time, a more detailed map of CO,
flux distribution than a point flux survey conducted on a ca. 10 m grid spacing grid. Based on
these results we believe the Ground CO, Mapper can give a useful contribution to diffuse
degassing studies in volcanic / geothermal areas and to monitoring of Carbon Capture and

Storage (CCS) sites by reducing overall survey time, costs and uncertainty.

Keywords: diffuse degassing, CCS, CO, flux, soil gas, leakage mapping, uncertainty
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1. INTRODUCTION

In most geological settings the only significant source of CO, flux from the ground surface
to the atmosphere comes from biological respiration in the soil (Oertel et al., 2016), with
spatial and temporal variability controlled by water content, temperature, organic matter
content, and other environmental factors (Barron-Gafford et al., 2011). There is the potential,
however, that the leakage of deeper origin CO, can be superimposed on this background, as
occurs in geothermal / volcanic areas (Werner et al., 2019) and could potentially occur, even
if unlikely, above Carbon Capture and Storage (CCS) sites (Jenkins, 2020). The study of such
anomalous fluxes is important to: i) map its distribution to understand the underlying
migration pathways (e.g., faults; Bigi et al., 2014); ii) quantify the total amount to determine,
for example, heat flow in geothermal areas (Chiodini et al., 2021), carbon loading to the
atmosphere, or CCS storage integrity / carbon credit auditing (Gal et al., 2019; Shao et al.,
2019); and iii) assess any potential leakage-related risks to human health or the local
ecosystem (West et al., 2015).

The magnitude, form and spatial distribution of natural CO; leaks depend on near-surface
geological conditions and whether diffusive or advective flow predominates (Roberts et al.,
2015). If vertical diffusion predominates, for example from degassing of a shallow, CO;-
saturated aquifer, leakage flux rates are lower and distribution tends to be more dispersed
(Chiodini et al., 2004). If, instead, vertical permeability pathways allow for direct, pressure-
driven advective flow to the surface, CO, leakage tends to be concentrated in a series of
small, high-flux areas (gas vents) that are surrounded by lower flux haloes caused by
horizontal diffusion in the unsaturated zone (Annunziatellis et al., 2008a; Oldenburg et al.,
2010); vent halos may merge if gas vents are sufficiently close to each other. In the unlikely
event of leakage from a CCS reservoir, this latter style would predominate (e.g., Jones et al.,

2014) given that vertical diffuse leakage can only be established over very long time periods.
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Mapping and quantification of leakage flux typically involves making numerous point flux
measurements (limited by time/budget/logistical constraints) using the accumulation chamber
method (Kutzbach et al., 2007), and then applying statistical and geostatistical tools to
interpolate and interpret the results (Cardellini et al., 2003; Lewicki et al., 2005; Elio et al.,
2016; Schroder et al., 2017). If spot leakage is the dominant process, however, Monte Carlo
simulations have shown how sample spacing and strategy (relative to anomaly size, shape
and orientation) can have a significant impact on the probability of finding leaks and on the
uncertainty of any flux quantification estimates (Beaubien et al., 2021).

The availability of additional high-density data that outlines the location and extent of spot
leakage prior to making flux measurements would greatly minimize these uncertainties. To
address this, the present authors first proposed the idea of using a mobile platform to map the
distribution of CO; at the ground-atmosphere contact (Annunziatellis et al., 2008b; Jones et
al. 2009), an interval where CO, can accumulate above leakage areas due to its greater
density relative to air and reduced wind mixing (Oldenburg and Unger, 2004). Although this
prototype suffered from very slow response and wash-out times, and thus poor sensitivity and
smeared anomalies, the results showed the potential of the approach (Jones et al. 2009). In
particular, sampling at different heights above a gas leakage point showed much higher
concentrations in direct contact with the ground compared to even a 10 cm offset (where
wind mixing caused significant dilution). Other researchers have subsequently tested mobile
CO; mapping tools for CCS applications, however these studies involved drawing gas at
greater heights above the ground (10 - 80 cm) to protect the large and expensive
spectrometers that were used (Krevor et al., 2010; Feitz et al., 2018; Barkwith et al., 2020).
CO; sensors have also been mounted on aerial drones, but with a necessary higher sampling
height and, for example, a slung payload to avoid air mixing caused by rotor down-wash

(Feitz et al., 2018). These studies, as well as those that perform mobile chemical mapping of
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other dynamic surface environments like lakes and rivers (Crawford et al., 2015; Dunbabin
and Grinham, 2017; Nicholson et al., 2018), have had to confront technical issues related to
sensor stability, sensitivity and response time, anomaly size and magnitude, survey speed,
and accurate spatial location, all of which are intrinsically related.

The present paper describes the characteristics and capabilities of the recently developed
Ground CO, Mapper (or “Mapper” for short), a low-cost, light, robust instrument for
sensitive, spatially precise, and rapid mapping of CO, concentrations directly at the ground-
atmosphere contact. This new prototype greatly improves on the preliminary efforts reported
in Jones et al. (2009). Laboratory and field experiments are described which define
instrument sensitivity, stability and response time as well as the impact of survey speed,
vegetation, and wind conditions on method sensitivity, spatial accuracy and reproducibility.
A simple mixing model, which reproduces the experimental data well, is used to estimate
Mapper response under leakage rates and survey speeds that were different from those tested.
Finally, Mapper and flux surveys conducted at a natural site characterized by extensive
geogenic CO; leakage are presented to illustrate the tool’s sensitivity and reproducibility

under real-world conditions.

2. THEORETICAL BACKGROUND

CO, leaking from the subsurface can accumulate at the ground-atmosphere interface for
two reasons. The first is the higher density of CO, (1.8 kg m’) versus air (1.2 kg m’™), which
can lead to stratification (Schwarz et al., 2009; Gasparini et al., 2016). The second is related
to wind behavior in the vicinity of the ground surface. Wind speeds display a logarithmic
distribution with distance above the ground during neutral atmospheric conditions, with
frictional drag induced by surface irregularities and obstacles (such as grass, trees, or
buildings) causing wind speeds to reduce to zero within a contact interval known as the

roughness height or aerodynamic roughness length (zp) (Garratt, 1994). This parameter can
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be calculated directly using on-site wind profile measurements or inferred using tabulated
literature values for different classes of ecosystems or land-use conditions (e.g., Davenport et
al. 2000; Montero et al., 2018). Based on the Davenport classification, z, values for expected
Mapper applications will likely range from 0.5 cm (Class 2: “featureless land surface without
any noticeable obstacles and with negligible vegetation”) to 3 cm (Class 3: “level country
with low vegetation, like grass, and isolated obstacles™). This interval is directly and
continuously sampled by the Mapper using a 6mm outer diameter tube dragged on the ground
surface (see below).

Although the logarithmic wind profile is strictly true under neutral atmospheric conditions
(e.g., a cloudy day with geostrophic winds), it is expected that accumulation will be
accentuated under stable conditions and will still occur for variable time periods during more

unstable conditions having higher, but intermittent, turbulent mixing.

3. MATERIALS AND METHODS
3.1. The Ground CO; Mapper
The basic premise of the Mapper is that a pump continuously draws air from a tube dragged
along the ground surface through a small CO, NDIR sensor and the measured, geo-referenced
concentration is saved to rapidly map ground CO, distribution as a proxy of CO, leakage
flux. While simple in concept, various technical difficulties had to be overcome (e.g., rapid
response with low noise) and numerous technological advances were required (e.g.,
miniaturization, improved batteries, low cost differential GPS, etc.) before it was possible to
produce a sensitive, fast-responding, robust, light-weight and low-cost tool (Figure SM-1a).
The sampling tube is a 6 mm outer diameter polypropylene tube with the tip cut at an angle
(Figure SM-1b) to lower the risk of drawing soil into the system. This is connected to an in-
line, 25 mm diameter, 0.45 um pore size, cellulose acetate syringe filter followed by a 20 mm

diameter micro Non-Dispersive Infrared (NDIR) CO; sensor (IRC-A1; Alphasense, Ltd). A
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hole drilled in the back of the sensor allows direct air flow to a small membrane pump,
followed by a second syringe filter just before the outlet that reduces pump-induced pressure
pulses.

The system contains two ad-hoc electronic boards. The first manages the CO, sensor and
associated calculations, with the nominal sampling frequency of the IRC-A1l sensor being
doubled from 2 to 4 Hz by sampling the leading and following peaks and valleys of the
sensor’s sinusoidal waveform. The second board integrates a 128 Mb FLASH memory chip
for data logging, Wi-Fi connectivity for data downloading, and a low-cost differential GPS
antenna that communicates via radio with an associated base station (NEO-MS8P; ublox
Holding AG) to give up to 10 cm scale accuracy. The entire system is powered by two 18650
Li-ion rechargeable batteries (3.7 V, 3400 mAh), which when fully charged give at least 4
hours of continual use.

The same Mapper unit was used for all measurements, with the only difference being the
installation of a more powerful GPS radio antenna after the Ailano surveys and before the test
site experiments.

3.2. Other Instruments.

A WindSonic 2-axis ultrasonic anemometer (Gill Instruments, Ltd.), used to monitor wind
speed and direction at 4 Hz at a height of 1.5 m during the controlled release experiments,
was integrated with a 12V battery / solar panel power supply and a CR300 datalogger
(Campbell Scientific, Inc.). This sensor was not available for the surveys at the natural
leakage site. An in-house developed flux meter with a 22 cm diameter accumulation chamber
was used to conduct point CO; flux measurements, with values calculated using the formula
reported in Lewicki et al. (2005); previous field comparisons between this and commercial

units have yielded equivalent results.
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3.3. Calculations.

A simple mixing model was created in EXCEL to better understand, and thus predict,
Mapper response. It uses the effective flow rate of the pump when mounted in the system
(335 c¢m® min™") and the volume of the sensor chamber (4 cm®) to mix a known volume of
pumped gas with the gas remaining inside the sensor for every 0.05 second time step. This
static model was also adjusted to assess system response and sensitivity when the Mapper is
in motion. For this, input consists of a profile of 1 cm step intervals, each assigned a ground
CO, value based on a linear interpolation between bracketing points (i.e., flux measurements
transformed to ground surface concentrations using an empirical regression formula) and a
time step based on a chosen walking speed. For each 1 cm distance a calculated volume of
that interval’s concentration is mixed into the sensor volume, with the amount based on the
pumping rate and the time step. In some simulations, random sensor noise, based on static
monitoring of atmospheric air, is added to each calculated point. To account for the effect of
the inlet tube (length = 30 cm; ID = 0.4 cm; volume = 3.96 cm’), the position of each step is
shifted by a fixed amount equal to the time lag (tube volume / pumping rate) times the
walking speed. Data is plotted at each 0.25 second interval to mimic the Mapper’s 4Hz
sampling frequency.

3.4. Test sites

Controlled-release site near Bassano Romano, central Italy. A small-scale experimental

site was constructed to test the response and reproducibility of the Mapper system under
controlled conditions. It consists of a 2 m long, “L”-shaped leakage plot (1.6 m?) at the center
of a 15 x 25 m field (375 m?). The field is bounded by bush, a small vineyard, low buildings
and sparse trees on its four sides, conditions that may impact wind behavior. The leakage plot
(Figures SM-2, SM-3) was built by excavating to a depth of 20 cm, sealing the base and

borders with a heavy plastic sheet, covering with 2 cm of sieved soil, distributing perforated 6
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mm plastic tubing over the entire surface area for gas injection (8 cm tube spacing and 10 cm
pin-hole spacing), and then burying the tubes with 5 cm of fine sand, 2 cm of sieved soil, and
the original sod to eventually match the surrounding ground level. Tubing connects this plot
to a protective cover (Figure SM-3f) that houses a 4 kg canister of food-grade CO; (in a hole
in the soil to prevent heating) and an inline flowmeter (Figure SM-4). Mapper data were
collected at three different walking speeds (ca. 0.6, 2.5, 4.8 km hr'") along a 16 m long profile
that crosses the 2 m long interval of the leakage plot (Figure SM-5), together with CO, flux
measurements at representative points. Atmospheric air was periodically monitored using the
Mapper to define system noise levels and any response changes due to sensor heating; where
necessary, the average measured atmospheric value was used to shift other datasets collected
at a similar time (typically reducing values by 0-50 ppm). Static Mapper measurements were
also conducted for 2-3 minutes at ground surface at points along the profile (in
correspondence with flux measurements) to quantify temporal variability. Surveys were
performed in June and September, 2020, on sunny days having different wind and CO; flux

conditions.

Natural CO; leakage site near Ailano, southern Italy. Surveys were conducted in different
fields near the town of Ailano, located about 200 km SE of Rome, to test the Mapper under
real-world conditions. This area consists of flat to undulating farmland and is known for the
wide-spread leakage of geogenic crustal CO, (Ascione et al., 2018). Data reported here were
collected in October, 2018, from a single, flat, 4600 m’® field with <2 cm tall vegetation
(Figure SM-6); in contrast to the experimental site, this field is surrounded on all four sides
by open cultivated fields with similar low vegetation. CO, leakage occurs from a number of
variably sized “hot-spot” areas, with measured flux rates as high as 2000 g m™ d' but with
most leakage areas well below 800 g m™ d'. At the time of the survey the visible impact of

the CO; leakage on vegetation was weak (Figure SM-6), limited primarily to thinner grass in
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the areas of strongest flux. Mapper surveys were conducted by walking a series of parallel
lines spaced 2-4 m apart at speeds of ca. 2.5 or 5.0 km hr'. Flux measurements were
performed on a regular 10m spacing grid (60 points), with an additional 20 points collected

between grid points to better define observed anomalies.

4. RESULTS AND DISCUSSION
4.1. Laboratory tests and modelling

System noise was assessed by first warming up the sensor for 30 minutes, followed by
pumping a 400 ppm CO, standard for another 30 minutes and monitoring the response. This
laboratory test yielded 26 = 16 ppm (Figure 1a), while similar results were always obtained
for periodic, shorter duration monitoring of atmospheric air conducted during the controlled
release experiments.

Continuous peak and valley sampling of the NDIR waveform, conducted to increase the
sampling frequency to 4 Hz for higher spatial resolution, introduces a different type of noise
when the sensor is exposed to a very rapid concentration change (Figure 1b). This “saw-
tooth” trend is very regular, and thus a simple 2-point running average provides a smooth and
accurate representation. This averaging improves anomaly definition for surveys along
profiles and further reduces system noise (e.g., 2c = 14 ppm for the dataset above).

Reproducibility of the system was tested by alternating between pure nitrogen and a 400
ppm CO; standard for approximately ten seconds each (Figure 1c). Overlaying the five 0 to
400 ppm cycles shows excellent reproducibility (Figure 1d), both in terms of response time
and absolute concentrations at the two extremes. Based on these results, system response time
is defined as Tg7 = 0.75 seconds and Tgp = 1.55 seconds (i.e., the time required to reach 67%
and 90%, respectively, of the new value). The strong similarity between the lab and
associated modelling results (Figure 1d) indicates that this response is controlled by simple

mixing in the sensor.

10
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Figure 1. Laboratory data illustrating the Mapper response characteristics, including: (a)
system noise; (b) saw-tooth trend during a rapid concentration change; (c) response time and

reproducibility; and (d) modelling of the system response relative to the data in (c).

Note that a compromise had to be found between response time and noise during
development, as these tend to be inversely related (i.e., increased pump flow decreases the
former but the associated greater turbulence and pressure fluctuations increases the latter). As
discussed below, a fast response time is critical for a mobile platform, both in terms of
accurately locating and delineating anomalies as well as overall sensitivity.

4.2. Controlled release test site

To illustrate the importance of sampling height, the Mapper sampling tube was fixed at 0, 5
and 20 cm above the CO, injection plot (at a point having a measured CO, flux of 190 g m™
d™) and left to monitor for approximately 4 minutes each (Figure 2a). The range of values

measured at ground surface, within the 2-3 cm tall grass, greatly exceed those observed just

11



251

252

253

254

255

256
257

258

259

260

261

262

263

264

265

Graziani et al. — original manuscript submitted to Applied Geochemistry

above the grass at 5 cm height, while those at 20 cm height are similar to monitoring of
atmospheric air. These results demonstrate how CO, accumulation within the friction height
can yield significant anomalies above a CO; leakage area (thus making it a valid sampling
target for a mobile measurement platform) compared to the much greater dilution observed at

only a few centimeters above the ground surface.
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Figure 2. Plots showing Mapper response during static tests at the controlled release site: (a)
fixed monitoring at different heights above a point with 190 g m? d' CO, flux; (b) example
of impact of wind strength on ground CO, concentration; (c¢) range of ground CO;
concentrations (without outliers) during 2-3 minute monitoring periods together with CO,
flux at various points across the leakage plot on 30/6/20; and (d) comparison of CO, flux and

median ground CO; values for the data in (c) and other similar tests (day/month@hour).

The ground surface measurements in Figure 2a (i.e., 0 cm) are also striking for the wide
range of values observed, from a minimum near atmospheric levels to a maximum of 1700

ppm CO; and an inter-quartile range from 700 to 1000 ppm CO,. This shows how the

12
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measured parameter can be highly dynamic, controlled primarily by wind strength variations
(Figure 2b). Although this indicates that Mapper surveys should probably not be conducted
on very windy days, two points should be highlighted. First, a leakage area will be sampled
continuously as it is traversed, meaning that oscillating wind strength and / or minor changes
in vegetation density while moving across an anomaly could still result in a portion being
sampled that has greater CO, accumulation. Because of this variability, sensitivity can also be
assessed in terms of probability, as is discussed below. Second, the method’s speed means
that multiple, repeat surveys can be rapidly conducted to reduce wind-induced uncertainty.

Although CO, concentrations within the friction height can be variable, CO, flux and
ground CO, concentration ranges measured at the same points show a similar trend along the
profile (Figure 2¢). Plotting flux values against median ground CO, concentrations for this
dataset and similar tests performed on different days (Figure 2d) defines a clear linear
correlation between these two variables:

[CO,] = 1.3 x CO, flux + 391; (R* = 0.88) Eqn. 1

Based on this regression formula, a 50 g m? d”! flux anomaly should yield a median ground
CO; concentration of 456 ppm compared to a value of 417 ppm for a background flux of 20 g
m™~ d” (for these site / survey conditions). The difference of 39 ppm between these two is
more than double the noise level of the Mapper (26=16 ppm), indicating that the system may
be able to recognize such a low-level anomaly. However, this does not take into consideration
the actual response of the system when in movement and impacted by the combined effects
of survey speed, anomaly size and response time, or the spatial variability of the background
biological CO; flux field. The former is examined in more detail below, while the latter is
highly site specific and dependent on survey conditions (e.g., dry periods may yield a lower,

more uniform background flux).

13
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The response and reproducibility of the Mapper while in movement was tested on 17/9/20
by measuring the 16 m long profile 10 times for each of three walking speeds (ca. 0.6, 2.5,
4.8 km hr'"); this was repeated during three different time periods (12:30-13:15; 16:00-16:40;
17:00-17:40) for a total of 30 profiles per speed. Winds were light (average of 3.5 km hr™!
with gusts up to 10 km hr'"), relatively similar during the three periods (Figure 3a), and
primarily from the NW quadrant (Figure 3b). The CO, injection rate from the canister was 30
ml min”', which resulted in a 1.7 m long, asymmetrical interval of anomalous CO, leakage

along the profile (7.3-9 m) with a maximum flux rate of 260 g m™ d™' at 8.8 m (e.g., Figure

3e).
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Figure 3. Data from reproducibility tests at the Bassano controlled release site on 17/9/20: a)
wind speed distribution during the three measurement periods; b) wind direction during all
test periods; c¢) — e) 30 Mapper replicates (2-point running average) and associated total
average for three different survey speeds, together with modelled Mapper response based on
the median ground CO, concentrations calculated using the shown flux distribution and Eqn.

I.
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Plots of all 30 replicates for each of the three walking speeds show good reproducibility for
both peak location (despite the inherent GPS uncertainty) and anomaly magnitude (Figure
3c,d,e; Table 1) over the 5 hour time span of the surveys. The average trace for each plot (red
line) illustrates how survey speed impacts the Mapper response, with the anomaly peak
becoming lower, wider, and more offset with increasing walking speeds (Table 1). That said,
all 30 profiles at the fastest walking speed of 4.8 km hr' registered the anomaly, gave an
average offset of only 1.2 m, and the smallest of these peaks (i.e., 91 ppm above background)

was still > 5 times higher than the 26 noise level of the instrument (16 ppm).

Table 1. Summary statistics for the Mapper profiles conducted on 17/09/20 at the Bassano
controlled release site (see Figure 3); note that peak height refers to measured maximum

value minus background. Thirty replicates were performed for each of the three walking

speeds.
Peak location (m) Peak width (m) Peak height (ppm)
walking speed (km hr?) 0.6 2.5 4.8 06 25 48 0.6 25 48
minimum 8.3 8.5 9.2 1.1 21 23 89 84 91
maximum 9.6 102 10.8 31 44 53 618 432 320
average 8.9 9.3 10.0 20 3.0 35 397 234 176
standard deviation (1c) 0.3 0.4 0.4 04 06 0.7 121 65 61

The mobile Mapper response was also assessed by comparing the data collected on 17/9/20
with results from the dynamic mixing model. Model input conditions were defined by
converting the 18 flux measurements reported in Figure 3 into median ground CO;
concentrations using Eqn. 1, with sensor noise excluded. The good match in Figure 3c-e
between the average Mapper response (red lines) and the dynamic mixing model (yellow
lines) for the different walking speeds show that the controlling mechanisms are well
understood and that the model can used to predict response under other conditions (see

below).
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Figure 4. Data from sensitivity tests at the Bassano controlled release site on 18/9/20: a)
wind speed distribution during the two measurement periods; b) wind direction during both
periods; Mapper profiles outside (c, ) and across (d, f) the leakage plot at around 11:00 and

18:30, respectively. Note all profiles were performed at a survey speed of about 2.5 km hr™.

The subsequent morning (18/9/20) the CO; flux and ground concentrations were measured,
the gas injection stopped, and then the measurements were repeated about 8 hours later after
the flux rate had reduced; note that all Mapper surveys were performed at 2.5 km hr'. Wind
conditions during both measurement periods (Figure 4a, b) were similar to those of the
previous day (Figure 3a, b). Mapper profiles conducted parallel to, but only 50 cm outside the
injection pit during both periods (Figure 4c, e) yielded consistently low values with noise
levels (2o= 22 ppm) only slightly higher than those for atmospheric air monitoring (26= 16
ppm), indicating no lateral smearing of the ground CO, anomaly. Early morning Mapper
surveys across the leak (Figure 4d), prior to stopping gas injection, yielded results similar to
those observed the previous day (Figure 3d), both for the maximum flux rate (ca. 250 gm™ d
") and the peak value of the average Mapper response (575 ppm). Eight hours after the gas

had been turned off the flux anomaly was still about 1.5 m wide but was truncated at a

16



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

Graziani et al. — original manuscript submitted to Applied Geochemistry

relatively constant value of about 90 g m? d"' across a 1 m interval (F igure 4f). Even at this
much lower flux rate the Mapper profiles clearly define the anomaly, with 10 replicates
resulting in an average maximum peak height of about 75 ppm above background (red line in
Figure 4f).

To further examine the Mapper’s lower detection limit, below that tested in the previous
experiment, dynamic mixing modelling was performed using three synthetic, 2 m wide,
symmetrical CO, leakage anomalies having a maximum central flux rate of 100, 75, and 50 g
m™~ d"' (Figure 5) in a background flux field of 20 g m™ d”'. Each of the three synthetic flux
distributions were first converted into equivalent ground CO, concentrations for model input.
Considering, however, that ground concentrations can change due to wind fluctuations
(Figure 2b), multiple flux-to-concentration regression equations like Eqn. 1 were created
across the entire range of observed conditions (assuming that the highest winds result in the
lowest ground CO; concentrations at all points, and vice versa).

To accomplish this, the first 2 minutes of data (4 Hz x 120 seconds = 480 points) from all
35 fixed-point Mapper monitoring tests discussed above were individually ordered from
lowest to highest in sequential columns of a spread sheet, with the associated measured flux
value in the first row. Regression formulas were then calculated for CO, flux versus each 10™
percentile of ground concentration values (i.e., line 1 versus line 2, line 49, line 97, etc.).
These formulas ranged from [CO,] = 0.51 x CO, flux + 391 for the lowest CO;
concentrations measured for each flux rate to [CO;] = 3.36 x CO; flux + 401 for the highest,
with R? values from 0.67 to 0.88, respectively. These 10 equations were used to convert each
of the three synthetic flux distributions into 10 different ground CO, concentration
distributions for model input, and then the Mapper response (with system noise) was
simulated for each at survey speeds of 2.5 and 4.8 km hr”'. Figure 5 shows these simulated

Mapper results as grey lines, except for one in black which represents the first simulation that
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clearly defines the anomaly (i.e., the lowest percentile of input ground CO, concentration that
yields a Mapper anomaly that is more than twice the 26 noise level and wider than the noise
frequency). To facilitate comparison, some simulation datasets were shifted downwards

slightly (typically < 25 ppm) to standardize the background response at ca. 400 ppm.

600 = 2) 100 g m2 d+; 2.5 km hr b) 75 g m? d*; 2.6 km hr ¢)50 gmd*; 2.5 kmhrt [~ 120
E 11— 10th percentile —— 30th percentile —— 70th percentile =
550 — ’ o
& —— all other percentiles o
~ ) CO, flux E
O 500 — - 2 80 o
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2 i 3
E 450 =
~
2 1o . B =]
O 400 - ARNSAUN. WA <
I - T
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Ground CO, (ppm)

0 4 8 12 16
Distance (m) Distance (m) Distance (m)

Figure 5. Simulations of the Mapper response while traversing a synthetic, 2 m-wide,
symmetrically distributed leakage area, taking into consideration system noise. Two different
survey speeds and three different maximum flux rates are shown (see legends). Grey lines
represent Mapper simulation results while the thick black lines highlight the “first”

simulation (i.e., lowest input percentile) that clearly defines the anomaly (see text for details).

As expected, the probability of recognizing an anomaly decreases with decreasing flux and
increasing survey speed. For example, Figure 5a shows how 90% of the 2.5 km hr”' surveys
(i.e., the 10" percentile and upwards) clearly define the 100 g m™ d”' flux anomaly, compared
to 70% (Figure 5b) and 30% (Figure 5c) that clearly find the 75 and 50 g m™ d”' anomalies,
respectively. Instead, for the faster survey speed of 4.8 km hr', the 100 and 75 g m™~ d’'
anomalies are recognised by 60% (Figure 5d) and 40% (Figure 5e) of the simulated surveys,

whereas there is little probability that the Mapper can clearly define the 50 g m™ d”' anomaly
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at this survey speed (Figure 5f). Based on a probability of success greater than 60%, the
estimated detection limit for the Mapper (when it crosses an anomaly) is 75 g m?d'ata2.5s
km hr' survey speed and 100 g m™® d' at a 4.8 km hr' survey speed, under these site
conditions.

The controlled field experiments also highlighted some limitations of the ground CO;
method which should be taken into consideration when planning and conducting Mapper
surveys. First, very high quality positioning data is critical for producing useful data, and thus
the GPS base station must always be within a reasonable distance (e.g., <100 m) and have a
clear line of site with the mobile unit. For this reason, forested areas would be very difficult
to survey. Second, site conditions must be considered to safeguard the instrument and
produce high quality data. For example: i) surveying with wet ground conditions (including
morning dew) risks blocking the filter or damaging the sensor; ii) long grass may favor CO,
accumulation but it is difficult to maintain the sampling tube at ground level; and iii) highly
variable vegetation conditions (density, height) can result in a more variable baseline. Third,
the area being surveyed should be free of shadows when working on very hot sunny days
with little wind, as shaded areas have lower heat-induced convection and thus biological CO,
can accumulate and produce anomalies that are unrelated to leakage.

4.3. Natural CO;-leakage site

Flux in the 4600 m” field near Ailano was initially measured at 60 points on a regular ca.
10 m grid (Figure 6a), followed by an additional 20 in-fill samples to better define spatial
distribution (Figure 6b). Despite the very high sampling density of the former (13,000
samples km™), it still misses or poorly defines various leakage areas compared to the latter

(17,000 samples km™).
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Figure 6. Field data from a site near Ailano, Italy: (a) CO; flux measured on a regular 10 m
grid and (b) with additional in-fill points; Mapper surveys conducted at 2.5 km hr' on
4/10/18 (c) and 5/10/18 (d) and at 5 km hr' on 4/10/18 (e) and 5/10/18 (f). The flux
measurement points (black dots) and the 150 and 400 g m™ d' flux contours from (b) are
plotted on the Mapper results for spatial reference. Mapper measurement points are excluded

to improve clarity but are given in Figure SM-7.

The field was subsequently surveyed with the Mapper at different speeds during two sunny
days that had light winds averaging around 1 km hr™'. Surveys performed at 2.5 km hr' on
4/10/18 (Figure 6¢) and 5/10/18 (Figure 6d) show very similar distributions and magnitudes.

Both locate most of the main flux anomalies observed in Figure 6b, define them in a much
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more spatially restricted manner, and outline additional leakage spots that were missed by the
point flux measurements. Even at twice the walking speed, the two surveys conducted at 5
km hr' on 4/10/18 (Figure 6¢) and 5/10/18 (Figure 6f) show comparable results. Neither
survey speed appears to produce significant anomaly smearing, despite maximum flux rates
that are approximately 10 times higher than those used during the controlled release
experiments.

Aside from the main gas leakage anomalies described above it should also be pointed out
that lower-level diffuse leakage occurs throughout much of this field, with only 9
measurement points (11%) having CO, flux values less than 24 ¢ m™ d"' while all others
appear to be part of a single, leakage-related population (Figure 7a). Similarly, the Mapper
results from 4/10/18 at a walking speed of 2.5 km hr' only show a very limited number of
points in the baseline range (Figure 7b), which is estimated to be around 550 ppm on this day
as a function of sensor calibration and temperature (unfortunately, atmospheric monitoring
with the Mapper was not conducted). This plot, with its numerous smaller peaks, highlights
the capability of the Mapper to define not only strong spot leaks but also lower-level diffuse
leakage. This is also illustrated by contouring one of the Mapper datasets (Figure 6¢) on a log
scale (Figure 7c).

Finally, it is important to note that the flux survey took about 300 minutes to complete
(based on an average measurement time of ca. 3 minutes per point plus the time to lay out the
grid), whereas the Mapper surveys at 2.5 and 5 km hr’' only took about 30-40 and 15-20
minutes, respectively. Despite requiring only 5-10% of the time, the resultant ground CO;
maps highlight a far-more complex gas leakage distribution than would be logistically

possible to define with point flux measurements.
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Figure 7. Additional plots of the Ailano field data: (a) cumulative probability plot of the flux
dataset; (b) representative 10 minutes of the Mapper data from the NE end of Figure 6c,
plotted with a 2 point running average and truncated at 800 ppm to highlight lower
concentration trends; and (c¢) same as Figure 6¢ but plotted as a logarithmic scale of ppm

values (150 g m™ d' CO, flux contour from Figure 6b given for spatial reference).

5. Conclusions

The results detailed above define the characteristics and capabilities of the newly developed
Ground CO, Mapper under real-world conditions, illustrating its potential for improving
point flux surveys focused on finding and/or quantifying the leakage of deep-origin CO, from
the ground surface to the atmosphere. In particular, this low-cost, robust, and easy-to-use tool
is sensitive, yields spatially detailed and reproducible results, and is very rapid.

It is foreseen that the Mapper will complement traditional point flux surveys, providing a

secondary dataset that will improve overall results in numerous ways. For example, initial
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Mapper results can help define appropriate flux measurement locations and densities, be it a
uniform grid spacing or variable densities that focus data collection on areas of greater spatial
variability. This can reduce the time necessary to conduct a field campaign, thus decreasing
overall costs or freeing resources for other work (e.g., soil gas analyses to better separate
leakage from background populations). Because it is so rapid, reconnaissance surveys can be
conducted to better link CO, leakage to regional features (like faults or lithological
boundaries) in diffuse degassing studies or to find small leaks during CCS monitoring, and
multiple surveys can be performed to reduce uncertainties.

To further develop this tool, future work will focus on improving its response (lower noise,
faster response), robustness, and ease of use. In addition, testing is underway to understand if
the qualitative, high density ground CO; concentration data provided by the Mapper can be
combined with point flux survey results, via multivariate geostatistical methods like co-

kriging and kriging with external drift, to reduce uncertainties in total leakage flux estimates
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