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A B S T R A C T

A controlled CO2 release experiment was carried out in order to mimic unintended leakage of geologically stored
CO2, and to study methods for detecting these leak events. The experiment was carried out at 60m depth in the
Oslo Fjord over the course of one month. During the simulated leak events, the water chemistry was monitored
by sensors mounted on stationary templates located 10 and 22m horizontally from the source, as well as sensors
mounted on an Autonomous Underwater Vehicle (AUV). During baseline conditions (no CO2 release), we ob-
serve a strong biogenic correlation between O2 and CO2. This correlation is lacking during CO2 releases, in-
dicating that the CO2-O2 correlation can be used as a marker for CO2 leakage. The same deviations were not
initially detected by the CO2 sensor mounted on the AUV due to the longer response time of membrane-based
CO2 sensors. However, by applying response time correction in the post-processing of the AUV CO2 data, the
generated CO2 plume was detected. Moreover, the plume was clearly detected by the AUV using the faster
responding pH sensors, where the correlation with O2 again could be used to confirm the anomaly.

1. Introduction

Permanent storage of carbon dioxide (CO2) in geological formations
has been proposed as a method to abate climate change. Suitable geo-
logical formations can isolate vast amounts of CO2 from the atmosphere
(Consoli and Wildgust, 2017), and several large-scale storage projects
(several Mt/year) are in the planning stage worldwide (Institute, 2015;
Jenkins et al., 2015). Moreover, a few dozen small-scale projects have
already been successfully executed, storing from a few hundred to
1million tons of CO2 per year (CO2CRC, 2013; Jenkins et al., 2015). An
important part of a CO2 storage project is to verify that the injected CO2

stays in the geological storage reservoir as intended. Since there is
limited experience with long-term geological CO2 storage, the need for
monitoring to ensure storage integrity, is significant.

Seismic techniques can be used to verify that the injected CO2 plume
is well contained within the planned storage reservoir (Arts et al., 2004;
Jenkins et al., 2015; Schacht and Jenkins, 2014). Seismic methods are
well suited for long-term monitoring of the location and spatial extent
of the injected CO2 plume, and can give an early warning regarding
large-scale leaks. Routine marine environmental monitoring of the
water column is also recommended to verify that there are no

indications of CO2 reaching the seabed or the water column above the
geological storage reservoir, and to promptly detect any leakage if it
should occur (Atamanchuk et al., 2015; Blackford et al., 2014; Maeda
et al., 2015; Myers et al., 2019; Shitashima et al., 2015; Uchimoto et al.,
2018).

The water column above an offshore carbon storage site is part of an
interconnected system including adjacent water masses, the seabed and
the atmosphere; all affected by a vast number of physical, chemical and
biological processes, not related to leakage of CO2. Monitoring of any
parameter in the water column therefore poses the considerable chal-
lenge of separating natural variability from variation caused by the
storage activity (Blackford et al., 2017). For example, there will be
considerable variation in water column CO2 concertation due to organic
matter (OM) degradation that has taken place in a specific parcel of
water between the last time this parcel was equilibrated with the at-
mosphere and the time of determining the CO2 concentration. The
oxygen consumption caused by the degradation of OM will lead to a
decrease in level of dissolved oxygen (DO) accompanying the CO2 in-
crease. This fundamental inverse correlation between O2 and CO2 will
persist in the absence of any other source of CO2 (Bickle, 2009; Ohtaki
et al., 1993; Uchimoto et al., 2017, 2018), and can therefore be used to
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discriminate the natural biotic variation in pCO2 from variations caused
by abiotic mechanisms. In addition to leakage from a geological carbon
storage (GCS) site, abiotic mechanisms include for instance leakage of
CO2 from natural geological sources and dissolution of CaCO3 in deep
waters. Small variations in initial DO and pCO2 in any water mass will
also occur due to differences in temperature and salinity at the point
where the water was equilibrated with the atmosphere. Variations in
the correlation between these parameters can also be caused by small
variations in the amount of oxygen utilized for each mole of carbon
combusted by organisms. These variations would originate from var-
iations in the properties of organic matter being combusted, such as the
degree of oxidized functional groups in the available organic matter.
These differences would be most important between water masses with
very different origin and history before arriving at the point of mon-
itoring.

Hence, in order to identify increased pCO2 caused by a leakage, and
to reduce the rate of false alarms, monitoring the co-variability of
multiple chemical parameters is a good strategy. This has been sug-
gested previously (Uchimoto et al., 2017, 2018); however, there is no
consensus on which parameters should be monitored, or how anom-
alous variations can be positively separated from natural variability.
Continued research efforts towards finding potential chemical sig-
natures related to CO2 leakage is therefore important, both to be able to
verify the integrity of the storage formation and for public assurance.

Uchimoto et al. (2017&2018) argued that a constant pCO2 threshold
value will result in too many false positives or negatives, and suggested
that the threshold should be adjusted with respect to the DO% in the
specific marine environment. The basic idea is that waters with lower
DO% require a higher pCO2 threshold value compared to water with
high DO%, hence a covariance threshold was proposed. The concept of
using the pCO2/pO2 correlation to identify leaks was proposed in the
QICS research project (Atamanchuk et al., 2015), where a reduction in
the pCO2/pO2 correlation was observed when an external source of CO2

was introduced. However, there is limited data on the pCO2 and DO
correlation during offshore simulated leakage experiments. Most stu-
dies on leakage detection in the water column have primarily focused
on the elevated CO2 levels and/or reduced pH levels associated with
CO2 leakage (Atamanchuk et al., 2015; Blackford et al., 2014; Maeda
et al., 2015; Shitashima et al., 2015). Moreover, the possible advantages
and disadvantages of mounting chemical sensors on autonomous ve-
hicles versus on stationary platforms, resulting e.g. from differences in
response characteristics of different sensors, needs further investiga-
tion. The fundamental oceanographic conditions with surface waters
saturated with DO and CO2 from the atmosphere (or supersaturation
with DO from photosynthesis) and increasing pCO2 and decreasing DO
with depth normally causes variability with depth which is much
stronger than the variability with time or position at a constant depth.
This has consequences for the expected variability when monitoring
with sensors on a stationary platform at a fixed depth in contrast to
monitoring with a mobile unit.

Atamanchuk et al. (2015) and Maeda et al. (2015) reported on a
controlled sub-seabed CO2 release experiment conducted in the Ard-
mucknish Bay in Scotland. From this experiment, a negative correlation
between DO and pCO2 was found in the period without CO2-release,
where this coupling was found to be weaker during the periods with
active release of CO2 (Atamanchuk et al., 2015). This experiment was
done at 12m water depth and based on pCO2 and DO measurements
from a stationary platform with sensors 30 cm above the seabed located
in the epicenter of the CO2-release. The experiment therefore does not
explore the ability to detect leakage by monitoring the pCO2-O2 cor-
relation from stationary platforms located at a distance from the
leakage point. It would further be useful to verify whether the decou-
pling of the negative pCO2-DO correlation can be used to identify
abiotic CO2-release in a more exposed offshore area. Maeda et al.
(2015) reported results from the same bay using an autonomous un-
derwater vehicle (AUV), where detection of the low-pH plume was

found to be sensitive to the large tidal variations in the bay, with low
detectability during flood tide. Simulations suggested that a decrease in
pH caused by released CO2 will be restricted to the immediate vicinity
of the leakage (Maeda et al., 2015).

In order to evaluate the ability of sensor combinations mounted on
different platforms to detect anomalous environmental variation in the
water column linked to CO2 leakage, artificial CO2 leakage events were
created over the course of one month in an exposed nearshore en-
vironment in the Oslo fjord, at 60m depth. The CO2 release consisted of
both gas bubbles and release of CO2 enriched seawater simulating
evacuation of pore water. The latter leakage scenario can occur when
CO2 migrates upwards in the formations and dissolves and pushes pore
water towards the seabed (Kampman et al., 2014). Due to the poten-
tially different chemistry of pore water, such as e.g. varying salinity,
this can result in different chemical signatures than the release of CO2

gas only. In this study, the salinity of the released artificial pore water is
varied, which will influence its density, and thereby its movement and
location in the water column.

The response to the controlled release of CO2 was measured using
chemical and acoustic sensors mounted on sensor templates on the
seabed, and on an Autonomous Underwater Vehicle (AUV). This paper
covers the results related to the chemical sensors. The monitored
parameters include pCO2, pO2, salinity and pH. Particular focus is put
on the covariance of pCO2 and pO2 as a chemical signature for leakage
detection. Additionally, currents in the water column were con-
tinuously monitored to interpret the movement of potential plumes and
water masses that have different CO2-O2 signatures.

2. Experimental section

2.1. Test site and experimental setup

The CO2 leakage experiment was done outside the Østøya Island
outside Horten in the outer part of the Oslo fjord (Fig. 2), from the 7th
to 30th of May, 2019. The water column at this site is characterized by
a salinity gradient due to fresh water entering the fjord from several
rivers (Fig. 1). Hence, the surface water is characterized by brackish
low-salinity water (salinity about 15), with a steep salinity gradient for
the first 10m of the water column (Fig. 1). The test site was located at
60m depth, and for the bottom 20m the salinity is approximately
constant around 35.

Fig. 2 illustrates the experimental setup. CO2 was released as gas
and as CO2 enriched seawater at 60m water depth, 100m from the
shore. CO2 in gas- and dissolved phase was released about 1m above

Fig. 1. Salinity in the water column at the test site recorded with the HUGIN
AUV on May 21st 2019.
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the seabed through pipes mounted on a seabed template connected to
onshore feed tanks. Gas phase CO2 was released from pressurized gas
tanks fitted with a pressure regulator and a flowmeter. The CO2 en-
riched seawater was prepared in 1m3 mixing tanks. Seawater from 6m
depth (Salinity= 23.5, T= 9 °C) was pumped into the tanks and
purged with CO2-gas. Natural sea salt (GC Rieber) was added while the
water in the tank was continuously mixed with a submersible pump, in
order to adjust the salinity to the desired level.

The CO2-enriched water was pumped from the tank to the release
point at the leakage template while continuously monitoring the flow.
Before releasing the water, pH, salinity and temperature was recorded
for each batch. The pCO2 of the released water was calculated using the
Aqion hydrochemistry software. Three onshore tanks of 1000 L each
were used, where the water was released consecutively to achieve a
total of 3000 L per release experiment.

The created CO2 leakage scenarios varied in size (see the results
section), but corresponded to small leakages of less than 1 T/d.

The gas was released from a 3mm diameter opening. The size of the
bubbles were determined both by a laboratory set-up at 6m depth,
where a video of the gas release was analysed using Matlab image
processing software, as well as by visual inspection during the actual
near shore tests at 60m depth. The average bubble diameter de-
termined in the laboratory was about 1mm, with a size distribution
ranging from about 0.5–6mm, and the visual inspection during the near
shore tests executed for this study indicated a similar average bubble
size.

2.2. Sensors

Chemical sensors (pCO2, pH, pO2, salinity (S) and temperature (T))
mounted on a seabed template recorded data throughout the test
period. The sensors ran continuously with sample rates of every second
(pH, S, T), every 30 s (pCO2) and every minute (pO2). The sensor
template was at the beginning of the experiment placed 22m northeast
of the leak point. On May 21st the sensor frame was moved and placed
10m northeast of the leakage frame. The HUGIN AUV with pH, pCO2,
pO2, S and T sensors was used for one day to measure chemical para-
meters above the CO2-leakage point.

The CONTROS HydroC CO2 is a submersible (down to 6000m)
pCO2 sensor that combines membrane equilibration of an internal
headspace with optical, NDIR-based gas detection. The sensor design
and the applied calibration are originally described in Fietzek et al.,
2014. The power consumption is around 4W (excluding the underwater

pump) and response time with pump and flow-head is approximately
60 s (τ63). The manufacturer states the initial accuracy of the sensor to
be±0.5 % of reading and Fietzek et al., 2014 assessed an accuracy
of< 4 μatm for multi-week, processed, in situ sensor data. Regular,
internal zero-gas measurements enable an in situ response time de-
termination and signal drift correction (Fietzek et al., 2014).

The CONTROS HydroFlash O2 was an optical, fluorescence
quenching based pO2 sensor, i.e. an optode, with a depth rating of
6000m. An optode technology review is given by (Bittig et al., 2018).
This sensor had a power consumption of 0.1 J per sample and a fast
response time of (τ63< 3 s). The optodes were by default calibrated in a
water tank following a multi-point temperature and O2 calibration
matrix for a measuring range of 0–300mbar. The manufacturer stated
an accuracy of± 1mbar or 1.5 % of reading (whichever is greater) and
recommended a re-calibration after 12months.

The pH sensor has a reported response time of 3 s (τ63), drift of
0.05 pH/month, accuracy of 0.01 and resolution of 0.001 pH units. The
sensor is operational up to 700 bar.

3. Results and discussion

The artificial leakage scenarios were monitored by both stationary
and mobile sensors. The results are presented and discussed in separate
subsections below. Some data are presented in more detail in the
Supplementary Materials. This includes the baseline data and AUV
travel path.

3.1. Response from stationary sensors

3.1.1. pCO2 and pO2 covariance
Fig. 4 ii) shows that the natural variation in pCO2 is 40 μatm for the

entire period of testing. During a single day, the baseline variation for
pCO2 was around 30 μatm (Figs. 3A and 4 i)). In comparison, the
variation in pCO2 during the artificial CO2 leakage events ranged be-
tween 5 and 35 μatm. Consequently, identifying anomalous variation in
pCO2 would not be possible by only looking for increases in pCO2. The
baseline correlation between pCO2 and pO2 is very good (Figs. 3A and
4), reflecting that the principal mechanisms for variation in pCO2 and
pO2 are biogenic processes. Despite introduction of new water bodies at
the sensor site with varying salinity, temperature or O2, pCO2 and pO2

remain well correlated. This shows that the baseline correlation is very
stable over the different water masses mixing in this area. This means
that although these water masses could have slightly different history

Fig. 2. Test site location and schematic presentation of the experimental setup. The figure displays a 22m distance between the leakage and sensor templates;
however, this distance was reduced to 10m for one day of leakage experiments. The scales (except the AUV) are realistic.
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with respect to amount and composition of organic matter and content
of DIC and DO at equilibrium with the atmosphere, the effect of these
differences is small on the relationship between pO2 and pCO2.

However, during leakage events, deviation from this correlation is
observed. During the release experiments, several different leakage
scenarios were simulated, where the CO2 was either pre-dissolved in
seawater prior to release (to simulate CO2 saturated pore water), re-
leased as gas, or released as both gas and dissolved in seawater si-
multaneously. For the experiments shown in Fig. 3 C, CO2 gas and CO2

dissolved in seawater was released systematically. Our observations
indicate that both CO2 gas and dissolved CO2 creates anomalous CO2

spikes in the water near the sensor template (indicated with arrows in
the figure for clarity).

Other induced variables include the salinity of the released seawater

and the quantity of released CO2. Additionally, release experiments
were conducted with the sensor template located 10 or 22m from the
leak point in order to study any effects of distance. The variables that
can affect the measured responses are discussed individually below.

3.1.2. Mobility of the generated CO2 plume: Currents and diffusivity
At the test site, there was no distinct current direction in the bottom

part of the water column (Fig. 5), for most days of experiments. How-
ever, for one of the experiment days (May 29th), there was primarily an
eastbound current direction. The average current strength and direction
for the entire period of measurements (May 7th to May 29th) show that
the water masses overall move eastwards, but with substantial move-
ment in all directions. The sensor template is located northeast of the
leak point (Fig. 5). It is known that the estuarine circulation in the Oslo

Fig. 3. The covariance of pCO2 and pO2 measured at the sensor template. The sensor template was located 22m from the leak point until May 21st 2019, after which
it was moved to a 10m distance; i.e. plot B and D illustrate the response from sensors located at a 22m distance from the leak, whereas plot C illustrates the response
when sensors are located 10m from the leak point. Plot A illustrates the baseline conditions with biogenic covariance of pCO2 and pO2. No significant deviation from
this covariance was observed during the one month of measurements, except during the artificial CO2 release experiments (plots B-D). The rate of CO2 released
during the experiments is indicated in the plots (mole CO2/min), as well as the type of medium used, i.e. CO2 gas and/or CO2-spiked high-salinity or low-salinity
seawater. Note that the upper limit of the flow meter used to monitor the gas release correspond to 8mol/min, and the flow rate exceeded this limit in plot B and C.
Hence, the exact amount of gas released these days is unknown, except that it exceeded 8mol/min. The low-salinity seawater had a salinity around 23.5, whereas the
high-salinity water had a salinity between 35 and 44. The baseline salinity around the sensors were around 34.

Fig. 4. i) Scatter plots illustrating the correlation between CO2 and O2 for the periods displayed in Fig. 3 A – D. A represents baseline conditions for a single day,
whereas B, C and D represent days (12 h from the onset of a leakage event) where various artificial CO2 leakage events occurred. See Fig. 3 for more details regarding
the leakage scenarios. ii) The right plot shows the correlation for the baseline, i.e. during sixteen days where no leakage experiments were performed.

C. Totland, et al. International Journal of Greenhouse Gas Control 99 (2020) 103085

4



fjord predominantly is limited to the upper 20m, and that replenish-
ment of the deeper waters mainly occurs during winter (this study was
conducted during spring) (Gade, 1968). The general absence of a per-
sistent current direction in the bottom waters was also visually ob-
served via a camera mounted on the gas/liquid leak template, where
particles moved back and forth in the water masses, rather than in a
specific direction. Hence, at this location, it can be more relevant to
estimate the mixing of the released CO2 into the surrounding water
masses and transport of the plume influenced by the CO2-release as-
suming an eddy diffusion mechanism and back and forth movement of
water masses, and not unidirectional currents.

It is difficult to evaluate the time between CO2 release and response.
Conditions may vary slightly between experiments, and on the small
scale of 10–22m between the leak point and the sensor template, multi-
directional flow (water moving back and forth) can be important in
determining the timing, concentration and volume of the plume that
reaches the sensors. This is believed to be the reason it is difficult to see
any regularity in the time between CO2 release and sensor response (see
e.g. Table 1). Moreover, the evacuation of gas and liquid at the leak
point will generate additional turbulence and affect the transport of the

plume. The time between initiation of leakage and first observed re-
sponse was 1.5 and 5.5 h with a 22m distance between leak point and
sensors, and 3.5 h when the distance was 10m. However, it is reason-
able to assume that not all generated plumes will travel past the sen-
sors, due to e.g. differences in plume density (see next section), and it is

Fig. 5. Rose charts describing the current conditions 1.5m above the leakage frame during three days of leakage experiments (a), b) and c)), as well as during the
entire period of measurements (d). The Aquadopp current profiler was placed on the sensor template. The location of the sensor template northeast of the leak
template (imagined in the center of the charts) is indicated in the charts for clarity.

Table 1
Specifications of the sensors used in the experiments.

Sensor platform Sensors

Stationary sensor template CONTROS HydroCa, CO2

CONTROS HydroFlashb, O2

Ocean Seven multisensorc (pH, S and T)
Stationary leakage template Aquadopp current profilerd

HUGIN AUV CONTROS HydroCa, CO2

CONTROS HydroFlashb, O2

Ocean Seven, pH probec

a 4H-JENA engineering GmbH, Jena, Germany.
b Formerly Kongsberg Maritime Contros GmbH, Kiel, Germany.
c IDRONAUT S.R.L., Brugherio, Italy.
d Nortek AS, Rud, Norway.
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therefore difficult to assess which of several consecutive releases on the
same day that generated a response from these data.

The assumed travel time of the plumes indicates a horizontal dif-
fusivity in the order of 10−4 m2/s, in which the plume would take about
40min to travel the 22m. This is comparable to the vertical diffusivity
of 2×10−4 m2/s measured at these depths in the Oslo fjord previously
(Røed, 2016).

It is interesting to note that the CO2 response typically occurs as
relatively narrow spikes in the time plots, where the elevated non-
biogenic CO2 level is detected only for a few minutes (Fig. 3B and
Table 2). We interpret this as a spatially defined CO2 plume passing the
sensors, which is consistent with a combination of eddy diffusive
mixing and small scale multi-directional flow. However, when large
amounts of CO2 gas were released over several hours, a more prolonged
response was observed (Fig. 3B&C and Table 2).

In general, the total amount of released CO2 corresponds reasonably
well to the magnitude of the sensor response (Fig. 3 and Table 2).
Table 2 gives the integrals of CO2 spikes observed the 29th of May 2019
(Fig. 2C). This integral is roughly proportional to the amount of CO2

passing through the water volume around the sensor. The largest in-
tegral of 46 400 μatm is connected to a larger and continuous release of
CO2 gas prior to the response. In this case, the quantity of released CO2

is reflected in the size of the response, relative to the other responses
measured this day. Further, the large quantity of CO2 released the 15th
of May 2019 (Fig. 3B) generated a similar response (I ∼ 50 000 μatm).
Fig. 5 shows that the dominant current direction was different these
two days, with no dominating current direction on the 15th, and a
primarily eastbound current direction on the 29th. The current condi-
tions were similar the 14th and 15th of May, and these days are
therefore more comparable, although more CO2 was released on the
15th compared to the 14th of May. The exact amount of CO2 released as
gas is not known, as the flow rate exceeded the upper limit of the flow
meter. However, the response is nearly six times larger on the 15th. The
results indicate that variations in the conditions that control the eddy
diffusivity and mobility of the plume, as well as properties of the plume
itself, can have a significant impact on what sensors located a distance
from the leakage will measure. This is probably especially true in the
relatively calm waters where our release experiments were performed.
Current legislation for GCS states that quantification of a leakage is
mandatory, despite no existing consensus on how this quantification
should be performed. This work shows that through the simultaneous
measurement of pCO2 and pO2 it is possible to discriminate between
increases in CO2 concentration with natural biogenic origin and in-
creases caused by introduction of abiotic CO2. Furthermore, the in-
dicated correspondence between response on a single sensor and the
quantity of released CO2 means that this is a potential way forward to
find a method for leakage quantification from chemical water column
monitoring.

3.1.3. Effects of pore water salinity and density
It was hypothesized that a denser plume will affect the sensors

mounted on a seabed template to a greater extent than lighter plumes.
The former can occur when CO2 dissolves in high-salinity pore water on
its path from the storage formation to the sea floor, or when sufficient
amount of CO2 dissolves in seawater above the seabed to increase the
density of this water. The higher density of this water will cause the
plume to accumulate at the bottom. The opposite scenario can occur if
the leakage path passes through aquifers with fresh or brackish water.
In the event of leakage, evacuation of CO2 can occur both as gas and
CO2-spiked pore water, and displaced pore water can potentially leak
for an extended period prior to the occurrence of bubbles (Chabora and
Benson, 2009; Pruess, 2011). The salinity of the released CO2-enriched
water was in our experiments varied between 19 and 44, and the am-
bient salinity at sensor installation depth was around 34. For the six 1
000 L batches of CO2-enriched water released the 29th of May 2019
(Fig. 3C), the salinity was increased gradually (19, 23, 27, 33, 38 and
44). The density of the released water was calculated based on mea-
sured temperature, pressure, salinity and pCO2 (Table 2) (Millero et al.,
1980; Ohsumi et al., 1992). Six and forty minutes following the release
of CO2 enriched water with a density of 1028.5 kg/m3, narrow CO2

peaks were observed that break the CO2 – O2 biogenic correlation (the
ambient water density is 1027 kg/m3). However, there was no apparent
sensor response following release of higher density water (1031.4 and
1036.4 kg/m3) on the 29th, as well as on the 15th of May (Fig. 3B and
C). A possible explanation for this is that the denser plumes travel
below the sensors, which are mounted at one meter height.

The plumes generated by release of CO2 gas alone will also be
slightly denser than the surrounding waters due to a density increase
upon CO2 dissolution (Ohsumi et al., 1992). However, this density ef-
fect caused by CO2 gas dissolving and mixing with the surrounding
water is small compared to the density differences due to salinity var-
iation. As the CO2 bubbles rise, the CO2 is mixed into slightly less dense
water further up in the water column. This means that the gas release of
CO2 can result in CO2-rich water with both slightly higher and similar
densities than the water at the depth of release. Further up in the water
column, the CO2-enriched water can be less dense as well. The data
show that the release of CO2 gas alone is detected by the stationary
sensors (e.g. Fig. 3C) and this is consistent with a plume of CO2-en-
riched water of similar or slightly elevated density compared to the
water at the release depth.

3.1.4. pH responses
pH correlates inversely with pCO2 as a consequence of the reaction

of CO2 with water. Hence, a correlation between pH and pO2, as be-
tween pCO2 and pO2, can be expected. This correlation can therefore be
an alternative chemical signature for detecting CO2 leakage. The largest
response in pCO2 detected during the release experiments, was a
change of about 35 μatm (Fig. 3B). Fig. 6 below shows that this

Table 2
Details regarding released CO2 and responses for experiments conducted the 29th of May 2019 (Fig. 3C), as well as calculated densities of the released CO2-spiked
artificial pore waters, and integrals of the responses (Millero et al., 1980; Ohsumi et al., 1992). The background density at the site was 1027 kg/m3. Each release
consisted of about 1 000 L of water.

Times of release CO2 state Mol CO2

/min
Salinity (psu) Density (kg/m3) Time intervals of sensor response Integral of response (pCO2, μatm s−1)

10:14–10:38 Dissolved 2.7 19 1016.3 13:15–13:22 9300
11:09–11:36 4.6 23 1020.2 13:44–13:54 8850
12:38–13:05 5.8 27 1023.6 17:16–17:24 4400
13:09–13:37 6.1 33 1028.5 18:59–19:05 3350
14:10–14:37 3.4 38 1031.4 20:25–20:39 7750
15:07–15:34 3.9 44 1036.4 21:00–22:23 46,400
16:07 - ca. 17:00 Gas > 8* – – 23:06–23:19 7150
ca. 17:00 - ca. 21:00 1−2 – –

* The flow of CO2 exceeded the measurement limit of the flow meter. Hence, the exact amount of CO2 released during this time is not known, except it likely
corresponded to significantly more than 8mol/min.
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response corresponds to a change in pH of less than 0.03. This ob-
servation supports the observations and simulations done by Maeda
et al. (2015), who showed that a low-pH plume will not diffuse to a
wide area, and that only small changes in pH can be expected at a
certain distance from the leak (Maeda et al., 2015). In our experiment, a
change in pH of maximum 0.03 is achieved by releasing CO2 corre-
sponding a leakage between 0.5 and 1 T/d, at a 22m distance from the
sensors. This corresponds fairly well to the results of the modelling
conducted by Blackford et al. (2020), where it was suggested that a 1 T/
d release could lead to a decrease in pH of 0.01 up to a 60m distance
from the leakage point. During a larger leakage event, a more con-
centrated plume may occur over a wider area, which in turn will affect
pH further (Blackford et al., 2020; Caramanna et al., 2011; Phelps et al.,
2015).

Fig. 6 C and D further show two anomalous CO2 spikes that do not
give a clear corresponding response in pH. These are marked with red
arrows in Fig. 6. A possible explanation for this is that the HydroC CO2

sensor uses a pump, and thereby senses a larger water volume, which
averages the measurement to some extent. Moreover, the different
placements of the sensors on the stationary template may be sufficient
to put the pH sensor just outside the plume. However, the explanation
for this observation is not clear.

A key characteristic of electrochemical pH sensors is their quick
response time compared to membrane-based CO2 sensors. On the other
hand, they have a notable drift, which may be an issue for long-term
deployment. The response time of the pCO2 sensor used for this study
was estimated at around two minutes (τ90), whereas the response in
the electrochemical pH sensors is only a few seconds. Hence, the CO2

sensor needs to be exposed to the plume for a longer period in order to
report a correct value. This is generally not an issue for sensors
mounted on stationary templates; however, for mobile units like AUVs
and gliders, where the sensor potentially can pass through the plume in
a matter of seconds, the quick response time of the pH sensors can be an
advantage. An option to enhance the detection capability when using
membrane-based CO2 sensors on mobile units, is to apply response time
correction (RTC) during post processing (Atamanchuk et al., 2015;
Fiedler et al., 2013; Fietzek et al., 2014). This option is explored in the

next section, where data recorded by sensors mounted on an AUV are
discussed.

3.2. AUV sensor responses

Proposed monitoring strategies for the detection of anomalies re-
lated to CO2 leakage often include AUVs to perform spatially resolved
surveys and to cover larger areas (Blackford et al., 2015). Here, the
HUGIN AUV from Kongsberg Maritime was equipped with multiple
sensors including CTD, pH, O2 and CO2 sensors, and performed mea-
surements at various depths and distances from the leakage point, at a
speed of 1.5 m/sec. Fig. 7 shows measurements acquired during a
leakage event, where the AUV passed by the leak point several times, at
approximately 10m vertical distance. From the 3D plot shown in Fig. 7
A, a narrow area with reduced pH is clearly visible over the point of the
leakage (indicated with a circle). Fig. 8 A show the same data in a 2D
time plot, where the regular negative spikes in pH are clearly visible,
which occur when the AUV passes through the CO2 plume. Moreover,
the anomaly of the pH variation is further supported by the break in the
pH - O2 correlation (Fig. 8A). Hence, the presence of a plume is clearly
indicated by the pH measurements. Still, no variation indicative of
leakage is seen from the raw data of the pCO2 sensor (Fig. 7 B). The
observed variation in pCO2 is dominated by the natural vertical varia-
tion in pCO2 and the depth variations done by the AUV during turns.

According to the pH data, the AUV passes through the plume in a
matter of 10–15 seconds. Because the response time of the CO2 sensor is
two minutes (τ90, tested in the laboratory), the sensor will not reach
the equilibrated value in this time frame. Consequently, the sensor does
not generate a signal elevated from the ambient pCO2 noise, and the
plume is not detected.

The time lag of the CO2 sensor can to a certain extent be compen-
sated for through post-processing using a numerical inversion algorithm
(Atamanchuk et al., 2015; Miloshevich et al., 2004). This response time
correction (RTC) was applied to the raw pCO2 data, and the results are
shown in Fig. 7C and 8B. It is clear that spikes in pCO2 align reasonably
well with the negative spikes in pH, and that the plume is detected after
the RTC post-processing is applied. However, it should be noted that the

Fig. 6. The covariance of pH and pCO2 measured by sensors mounted on a seabed template. The sensor template was located 22m from the artificial CO2 leakage
until May 21st 2019, after which it was moved to a 10m distance; i.e. plot B and D illustrate the response from sensors located at a 25m distance from the leak,
whereas plot C illustrates the response when sensors are located 8m from the leak. Plot A illustrates the baseline conditions with biogenic covariance of pCO2 and pH.
CO2 release experiments were conducted during the days corresponding to plots B-D (see Fig. 3 for details). The drops and cut-offs in pH seen in plot D are due to
sensor shutdowns.
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RTC-corrected CO2 data appears noisier after this processing step. This
is an artefact of the processing and may hamper data interpretation to
some extent.

With a speed of 1.5 m/s, the pH response duration of 10–15 seconds
indicates that the plume is around 20m in diameter 10m above the
leakage nozzle. This implies that the plume is quite diluted and in part
explains the relatively low drop in pH of around 0.01 to 0.02. This is
similar to the observations from the stationary templates on other days
of leakage experiments. A comparatively lower pH response is expected
due to the buffer capacity of seawater.

The CO2 releases conducted for this study correspond to a small
leakage of about 0.5 T/d (assuming a continuous release). It was re-
cently suggested that the plume rise height during smaller leaks (> 1 T/
d) will predominantly be limited to 2−3m above the seabed, and that
AUVs therefore may not detect such leakage due to constraints on safe
operational height for AUVs of 5m above seabed (Blackford et al.,
2020). However, as shown here, where the AUV travelled about 10m
above the leakage point, AUVs can be able to detect small leakages.
Blackford et al. (2020) suggested that release events in shallow, well
mixed systems may affect water higher above the sea bed.

On this particular day, no anomalies were detected using sensors on
the stationary template. Note that loss of power supply prevented data
collection from the stationary templates for parts of the day of the AUV
measurements.

In summary, our results suggest the vehicle should move as close to

the seabed as possible to detect chemical anomalies, and at low speed.
The sensor sampling rate should be as high as possible to avoid moving
through a CO2 plume without registering it. In order to cover large
areas during screening surveys to locate possible risk zones, mobile
units are essential. However, for continuous or periodic monitoring of a
spatially limited focus area such as an injection well, a stationary
seabed template equipped with sensors can reliably detect signs of
leakage or verify the opposite.

4. Conclusions

Geological carbon storage is generally considered a safe method for
significantly reducing the amount of CO2 released into the atmosphere,
with a low risk of negative impact on the marine environment. Still,
efficient methods for monitoring geologically stored CO2 is imperative
for the development of large-scale storage projects, both for storage
integrity monitoring and for public assurance that the CO2 stays in the
reservoir as intended.

We found that the correlation between O2 and CO2 is a much better
marker than increased CO2 levels alone, in order to detect a potential
CO2 leak. In the study presented here, the measured increase in CO2

related to the controlled release was within the natural variability range
(at a constant depth), but still detectable because of the lack of CO2-O2

correlation. It is to be expected that seasonal variations in pCO2 will be
larger still. By using the CO2-O2 correlation as a chemical marker for

Fig. 7. Travel path and measurements of pH (A), pCO2 (B) and pCO2 following RTC post-processing (C), done with the AUV HUGIN during CO2 leakage events. B
show the pCO2 raw data, i.e. no RTC is performed. The AUV travelled along a pre-programmed path, making nine passes of the leak template at a near constant depth
of 50m (i.e. 10m above the leakage template); however, during 180 degree turns, the AUV will temporarily rise about 5 m higher in the water column. The AUV was
moving at 1.5 m/sec. During the depicted time period, release of both CO2-spiked seawater with ambient (relative to the release point) salinity and density, as well as
CO2 gas occurred continuously.

Fig. 8. A: Time plots of pH and O2 which highlight the
anomalous drops in pH when the AUV passed through the
plume (see Fig. 7A). The pH anomaly is indicated with arrows.
B shows the raw pCO2 response (black line), as well as the
response after response time correction (RTC) is applied to the
raw data (gray line). During the depicted time period, release
of both CO2-spiked seawater with ambient (relative to the re-
lease point) salinity and density, as well as CO2 gas occurred
continuously.
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CO2 leakage, it is not necessary to know or estimate the geochemical
conditions over a large area beforehand, since the method does not rely
background CO2, O2 or pH levels.

In order to use this relationship to safely identify anomalies that
deserve attention and further investigation, it is necessary also to assess
the expected range of the natural relationship between pCO2 and pO2,
or between pH and pO2. Fig. 4 ii) shows the plot of pCO2 vs pO2 for the
entire period of measurements, but without data from days where
leakage experiments were done. This plot demonstrates the strong
correlation between pO2 and pCO2 at this site, as well as the significant
natural variability in these parameters in a single point of measure-
ment.

Mobile sensor platforms, such as AUVs or gliders, can monitor a
wide area, and are therefore attractive platforms for leakage mon-
itoring. However, this study shows that the natural lateral and vertical
variation in chemical parameters poses a challenge to interpretation of
sensor data, and to the sensor specifications. Despite the natural vertical
variation experienced by the mobile units, a deviation in the CO2/O2

correlation will still indicate leakage. However, monitoring of the
equivalent pH/O2 correlation, in addition to the CO2/O2 correlation, is
recommended for the mobile platforms due to the slower response of
the membrane-based CO2 sensors.
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