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Abstract. Quantifying natural hydrogen soil gas emissions and their controlling factors is critical for assessing
hydrogen storage viability and improving exploration strategies. This study provides the first detailed compar-
ison of hydrogen emissions near the DMP Harvey-2 well in the Perth Basin and compares the effectiveness of
repeated point surveys and autonomous monitoring in capturing emission variability. Hydrogen concentrations
ranged from 0 to >1000 ppm in point surveys, with transient pulses up to 598 ppm detected through continuous
monitoring, indicating episodic release. Repeated point surveys successfully captured the overall range of
emissions but failed to resolve dynamic processes, such as abrupt flux changes influenced by temperature, atmo-
spheric pressure, and soil moisture. Continuous monitoring provided additional insights into these transient
phenomena and the relationship between baseline emissions and geological processes. These findings help define
the repeatability of point surveys and demonstrate the value of integrating continuous monitoring with single-
point surveys to establish baselines and identify natural hydrogen microseepage hotspots. This integrated
approach offers practical insights for hydrogen exploration and baseline monitoring, contributing to improved
planning for subsurface hydrogen storage.

Keywords: Natural hydrogen, Soil gas emissions, Energy transition, Hydrogen storage, Continuous monitor-
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Key points

e Significant daily and seasonal variability in natural
soil gas emissions.

e While repeat point surveys can reveal the soil gas
emission ranges, autonomous monitoring allows for
more comprehensive data interpretation.

e Natural soil gas emissions are influenced by climatic
factors, with temperature, atmospheric pressure, and
soil moisture playing key roles.

e First baseline studies of Hy gas microseepage using
autonomous monitoring in the Perth Basin.

1 Introduction
1.1 Soil gas emissions

Understanding the daily and seasonal emissions of subsur-
face gases is fundamental for hydrogen storage projects

and natural hydrogen exploration. In the context of hydro-
gen (H,) storage, soil gas monitoring plays a critical role in
ensuring safety compliance and assessing containment effec-
tiveness [1]. Additionally, soil gas studies complement other
surface monitoring techniques in addressing stakeholder
concerns and enhancing project transparency [2, 3].

Natural hydrogen exploration has gained global
momentum as a clean, non-carbon energy alternative.
Discoveries of high hydrogen concentrations in regions such
as South Australia [4] and Mali [5] have accelerated interest
in this resource. Soil gas sampling has emerged as a key
method for exploration, as low-concentration micro-seepage
from the soil can indicate subsurface hydrogen generation
[6-10].

Extensive research on COj soil gas emissions has high-
lighted significant variability driven by soil type, vegeta-
tion, and seasonal changes [11]. However, studies on
natural hydrogen emissions remain nascent. Early findings
reveal both temporal [9, 12, 13] and spatial variability
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[14, 15], including sporadic hydrogen pulses [16]. Single-
point sampling surveys often produce inconsistent results
and may be subject to seasonal variability [12, 13, 16-18]
or artefacts caused by drilling activities [19]. Continuous
monitoring, in contrast, offers a more thorough solution,
capturing sporadic hydrogen pulses that point sampling
may miss [13, 16, 18, 20].

We conducted a pilot study at the DMP Harvey-2
wellsite. The DMP Harvey-2 well was drilled as part of
the South West Hub project, a Western Australian govern-
ment initiative aimed at assessing whether the Triassic
Lesueur Sandstone in the Harvey region could serve as a
viable site for carbon capture and storage (CCS). As part
of that effort, four wells were drilled and both 2D and 3D
seismic data were acquired to better understand the geology
of the area. The project wrapped up in 2018, and all associ-
ated data were made publicly available through the
WAPIMS database. Importantly, Harvey-2 intersected a
major fault — known as the F10 fault — which dips steeply
to the west and extends deep into basement rocks. The site
now serves as an in situ laboratory, where COs injection
and monitoring technologies are being tested. The site
history and geology make it a valuable site for studying
natural gas emissions: it is well-documented, close to a
major fault that may allow deep gases to reach the surface,
and already supported by infrastructure and data.

The pilot study was designed to address two key
questions: (1) What are the ranges of natural hydrogen
and carbon dioxide soil gas emissions near the DMP
Harvey-2 well site? (2) Can multiple single-point soil gas
surveys capture emission variability as effectively as auton-
omous monitoring?

To answer these questions, soil gas point sampling was
conducted at 91 locations over 5 separate days within the
0.3 sq km site during the autumn of 2022. Autonomous
monitoring, implemented for the first time for natural
hydrogen in the Perth Basin, complemented these efforts
to investigate temporal variability and the relationship
between baseline emissions and transient hydrogen release
events.

By integrating point sampling with continuous monitor-
ing, this study advances our understanding of natural soil
gas dynamics, offering critical guidance for hydrogen
storage and exploration projects. These findings contribute
to the development of soil gas sampling strategies for the
global energy transition.

1.2 Geology of the Perth Basin

The Perth Basin developed as a north-south oriented rift
along the continent’s southwestern margin (Fig. 1). Signif-
icant structural elements include the Darling Fault marking
the western boundary of the Archean Yilgarn Craton, with
key depocenters located in the Dandaragan and Bunbury
Troughs, and the Mandurah Terrace. The basin primarily
comprises Permian and younger continental clastic sedi-
ments deposited within the Eastern Gondwana rift system.
Two principal tectonic phases are identified: Permian
extension and Jurassic extension that culminated in Early
Cretaceous continental breakup and the formation of the
Indian Ocean [21]. These phases are inferred to have

involved a component of sinistral and dextral movement
along the Darling Fault and other major faults. Numerous
new faults formed during breakup [22] with some faults
showing small offsets of the breakup unconformity and
overlying Cretaceous strata on seismic data, implying minor
Cenozoic reactivation.

Proterozoic igneous and metamorphic rocks of the
Pinjarra Orogen form the basement to the Perth Basin,
and are exposed in three inliers: the Leeuwin, Mullingarra,
and Northampton Inliers [23]. These comprise gneisses and
metasedimentary rocks. At the Mullingarra Inlier, the
crystalline basement rocks are unconformably overlain by
the Yandanooka Basin of probable Neoproterozoic age,
but this pre-Perth Basin sedimentary succession is not
known to extend to our south Perth Basin study area.
The Perth Basin is also partly underlain by granites and
metamorphic rocks (including greenstones, i.e., metamor-
phosed mafic volcanics) of the Yilgarn Craton on the foot-
wall of the west-dipping Darling Fault, defining the eastern
margin of the basin. Proterozoic dolerite dykes intrude both
the Yilgarn Craton and Pinjarra Orogen [24].

The underlying granitic rocks of the Perth Basin pro-
vide potential for a deep-seated radiolytic natural hydrogen
source, and natural hydrogen may also form in greenstone
belts and Proterozoic dolerite dykes through interactions
between iron-rich rocks and groundwater [25, 26].

The DMP Harvey-2 well was drilled in 2014-2015 [27]
and intersected a deep west-dipping normal fault previously
mapped from seismic data for the SW Hub project, coded as
the “F10” fault in SW Hub literature [28]. The fault has a
throw of nearly 1 km and is interpreted to reach the
basement. It links to the Darling Fault south of the study
area [29], close to where the Harvey River traverses the
Darling Scarp. Displacement along the fault is not dis-
cernible above the breakup unconformity in publicly avail-
able seismic sections (Fig. 1), implying either complete
cessation of movement prior to breakup or only minor
neotectonic movement post-breakup, with any small shal-
lower displacements not resolvable on current seismic
sections. Surface expression of this fault is inconsistent
and not discernible on seismic (Fig. 1c) or remote sensing;
however, some sections of the Harvey River drainage
system are possible surface expressions of the F10 fault
(Fig. 1b). The soil gas monitoring herein was designed to
test an area adjacent to the Harvey River drainage system
as the possible surface expression of the F10 fault.

2 Methods

Ninety-one holes were drilled to a depth of 80 cm—1 m for
point sampling across five separate days between the 31st
of March 2022 and the 31st of May 2022 in a 0.3 square
kilometres area near the DMP Harvey-2 well site, southwest
of Perth, Western Australia (Fig. 1).

Point sampling methods have previously been described
by [7, 8, 15, 17]. In this study, fresh holes were drilled for the
point sampling on each of the 5 separate sampling days. Hy
and COy concentrations were measured using both iBrid
Mx6 and GA5000 handheld multi-gas meters [30, 31].
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Sandstone is being investigated as a reservoir for CO, sequestration.

The iBrid Mx6 was calibrated 3 months before the survey,
and the GA5000 was calibrated approximately 9 months
before the survey.

Although the primary focus of this study was on natural
hydrogen emissions, COy was concurrently monitored due
to its established role as an indicator of soil gas dynamics
and subsurface processes [32]. Monitoring CO, provides
critical baseline data that complements hydrogen measure-
ments, offering insights into the interplay of microbial
activity, soil moisture, and pressure-driven and geological
fluxes [1, 12].

In addition to point sampling, an autonomous multi-gas
monitoring system (Axiom: WHALI, Australia) [33] was
deployed over a four-week period at two separate locations
on site, named AXH2-10 and AXH2-13. At each location, a
perforated PVC tube was inserted 80 cm—1 m below, the
surface and a 3 mm silicone tube was inserted into the
PVC tube.

The two autonomous monitoring sites, approximately
400 m apart, were both located in heavy clay soils with
moderate grass coverage and located within 3-5 m of
mature trees. The AXH2-10 site had heavier grass cover
compared to the AXH2-13 site.

The autonomous device measured soil gas concentra-
tions from the 4th of May to the 31st of May 2022 across
the two locations (Fig. 2). Hy and HyS were measured using
an electrochemical sensor, and CO, was measured using an
infrared sensor.

Surface temperature and pressure data were also
recorded within the monitoring unit. The unit was pro-
grammed to pump for 3.5 min every 30 min using a peri-
staltic pump, which averaged 300 mL/min pump volume.

This allowed the evacuation of approximately 2 L /h of soil
gas. The autonomous unit was calibrated immediately prior
to the survey. The unit lost power after a heavy rainstorm
and low light levels (required to charge the solar panel)
overnight on the 18th to 19th of May 2022, and a technician
attended the site and restarted the machine at 10 am on the
19th of May 2022 after approximately 12 h of lost recording
time.

The measurement range and accuracy of the gas sensors
in the autonomous device (WHALI) are shown in Table 1,
compared to the hand-held devices used in this study. All
H, measurements presented represent temperature-
corrected concentrations [34, 35].

3 Results
3.1 Natural hydrogen emissions

The results from point sampling and autonomous monitoring
revealed significant variability in natural hydrogen soil emis-
sions. During the five-point sampling days, hydrogen concen-
trations (cHp) varied considerably, ranging from
undetectable levels on May 4, 2022, to peak concentrations
of >1,000 ppm on May 17, 2022 (Figs. 2c, 2d and 3). The
point surveys were conducted on the 31st of March, 4th of
May, 11th of May, 17th of May, and 31st of May 2022 and
the mean hydrogen concentration observed across the sam-
pling days were very different at (9 ppm, 0 ppm, 84 ppm,
137 ppm, and 36 ppm, respectively). Additionally, high
cHy (>500 ppm) was measured within 10 m of 0 ppm mea-
surements (Fig. 2d), indicating high spatial variability.
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Fig. 2. Point sampling near the DMP Harvey-2 well site. a) Initial cCOy measured at each location on the 4th of May, 2022. b) Final
CO4 measured at each location on the 4th of May, 2022. ¢) cH, results for all point sampling and autonomous monitoring locations
near DMP Harvey-2 during 2022, and d) Zoom in of area in yellow square in (c) close to the Harvey River canal, interpreted surface
expression of the F10 fault, both modified after Maxar Technologies, Google Earth.

Table 1. Accuracy ranges of WHALI autonomous multi-
gas meter for measured gases compared to GA5000 and
iBridMX6 hand-held devices.

H, CO, H,S

WHALI

Range 0-2000 ppm  100-20,000 ppm 0-100 ppm

Precision 10 ppm 40 ppm 0.6 ppm
GA5000

Range 0-1000 ppm 0-100% 0-50 ppm

Precision 25 ppm 5000 ppm 0.7 ppm
MX6

Range 0-2000 ppm  0-50,000 ppm  0-500 ppm

Precision 1 ppm 100 ppm 0.1 ppm

At the AXH2-10 autonomous monitoring site, cHy was
highest on the initial days, reaching a peak of 98 ppm on
the 8th of May 2022, 4 days after installation. Increasing
cH, in the first four days coincided with falling atmospheric
pressure and high temperatures (Figs. 4a—4d). This flux
diminished to negligible levels during the period of rainfall
from the 12th to the 15th of May 2022. Overall, average
hydrogen measurements were low (mean 14 ppm).

In contrast, AXH2-13 recorded an isolated pulse of
598 ppm on the 19th of May 2022, one day after installation
and several hours after restarting the autonomous unit
(Figs. 4 and 5). There were no associated spikes in CO, con-
centration (cCOg), HoS concentration (cHsS), temperature,
or pressure. This spike was followed by smaller pulses of
61 ppm and 35 ppm on the subsequent days (Fig. 4h), after
which, cHy became insignificant (mean 8 ppm).

Both autonomous monitoring sites measured a low level
of daily flux, with the highest cHs measurements in the
middle of the day.

3.2 Carbon dioxide emissions

Point sampling and autonomous monitoring revealed
considerable variability in ¢cCOs in soil gas. During point
sampling on May 4, 2022, COs levels increased throughout
the day, with final concentrations reaching up to
25,900 ppm at certain locations — a 550% increase compared
to initial measurements (Figs. 2a and 2b).

Autonomous monitoring at AXH2-10 recorded a maxi-
mum cCOy of 14,186 ppm, significantly higher than the
peak observed at AXH2-13 (3,581 ppm). Median CO, levels
at AXH2-10 were 10,209 ppm, and a moderate negative
correlation with temperature was observed during the first
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Fig. 3. Box plot showing the variability in cHs concentrations
across five point survey days near the DMP Harvey-2 well site in
the Perth Basin, Western Australia. The box represents the
interquartile range (25th—-75th percentile), the line indicates the
median, and individual data points are shown to display
distribution spread. Measurements were obtained using the
GA5000 handheld instrument, which has an upper detection
limit of 1000 ppm. Values recorded as 1000 ppm represent the
saturation point of the device and should be interpreted as
>1000 ppm.

4 days of monitoring. This relationship weakened in later
days as COy concentrations became more stable.

At AXH2-13, CO, emissions were generally lower, aver-
aging 1,481 ppm before significant rainfall on May 23-24.
Following these heavy rains, COy concentrations dropped
to an average of 501 ppm.

cH, and cCOy were negatively correlated for the first
4 days of monitoring at AXH2-10, before any significant
rainfall events. Following that, there was no obvious corre-
lation between the gases.

3.3 Hydrogen sulphide (H,S)

H,S concentrations throughout the survey measured below
the threshold accuracy of 0.6 ppm for the duration of the
monitoring period, at both the AXH2-10 and AXH2-13
sites.

3.4 Temporal and spatial variability

Temporal and spatial variability in both Hy and CO, emis-
sions was pronounced. The range of H, concentrations
observed during point sampling (0 — >1,000 ppm) was com-
parable to that recorded via autonomous monitoring,
although the latter provided higher temporal resolution
and captured short-lived pulses. Spatial variability was also
significant. Although AXH2-10 and AXH2-13 were only
400 m apart, their emission profiles differed markedly.
AXH2-10 exhibited higher CO, emissions, with values at

times exceeding four-fold those at AXH2-13 (Figs. 6, 4c,
and 4g). Similarly, Hs flux patterns varied, with pulsed
emissions confined to AXH2-13. Box plot analysis revealed
that the interquartile ranges (IQR) for ¢cCO, and cH, con-
centrations did not overlap between the two sites, further
highlighting spatial heterogeneity (Fig. 6).

Atmospheric temperature and pressure were recorded at
the WHALI unit (Fig. 4), while relative humidity was
recorded twice daily at the Bunbury Weather Station
[36]. Environmental factors at times appeared to influence
the cHy and CO, patterns at AXH2-10 (Fig. 4). During
the first 4 days, when temperatures were higher, humidity
was lower, and pressure was decreasing, daily cH, levels
were elevated, whereas cCOj levels remained low (Fig. 4).
Following the precipitation event (12-15 May, 2022), char-
acterized by increased humidity and higher soil moisture,
the trends reversed, with cHs levels decreasing and cCOq
levels rising. There was less evidence of environmental influ-
ence at AXH2-13, with the exception of the overall suppres-
sion of soil gas emissions during the heavy precipitation
event from 22nd to 25th of May.

The high pulse observed during autonomous monitoring
of AXH13 on the 19th of May 2022 was reviewed in further
detail to determine the likely source and to rule out an
electrical defect. Figure 5 shows that peak cHy was reached
after 26 s of pumping, with approximately 120 cc of gas
pumped. This suggests the high hydrogen vapor concen-
tration sourced from the perforated chamber of the downhole
assembly, approximately 80 cm—1 m below ground level.

After 60 s, 284 cc was drawn, nearly double the down-
hole assembly volume, indicating direct extraction from
the soil. cH, remained significant (36 ppm temperature cor-
rected). The exponential concentration decline implies a
much slower hydrogen recharge rate into the soil compared
to the pump rate of the autonomous unit (~300 cc per min).

4 Discussion
4.1 Key findings

This study aimed to investigate natural hydrogen soil gas
emissions near the DMP Harvey-2 well site, with a focus
on temporal and spatial variability, environmental controls,
and the effectiveness of point sampling versus autonomous
monitoring. The site investigated comprised of open pasture
adjacent to the Harvey River Canal, whose course may be
influenced by the underlying F10 fault. There were no
sub-circular depressions (SCDs) in this study, which have
been the focus of numerous previous soil gas surveys
[9, 10, 14, 15]. Key findings reveal significant cHs near the
DMP Harvey-2 well (>1000 ppm), with hydrogen emissions
combining baseline flux and sporadic pulses.

International case studies from Russia, Namibia, and
Brazil have demonstrated that both spatial and temporal
hydrogen variations can be substantial, particularly near
geological features such as faults and sub-circular depres-
sions. In Russia, hydrogen concentrations in cratonic SCDs
varied from 0 to 1.25% at 1.2 m, with distinct clustering
around structural features [14]. In Namibia, surveys in the
Waterberg Basin showed hydrogen seepage associated with
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Fig. 4. Autonomous monitoring results at the AXH2-10 location (33°0’'33”S, 115°51'5"E) from the 4th of May 2022 to the 17th of
May 2022 and at the AXH2-13 location (33°0'18”S, 115°50'59"E) from the 18th of May 2022 to the 31st of May 2022 a) AXH2-10
atmospheric pressure (hPa). b) AXH2-10 temperature (°C). ¢) AXH2-10 carbon dioxide concentration (ppm). d) AXH2-10 hydrogen
concentration (ppm — temperature corrected). e) AXH2-13 atmospheric pressure (hPa). f) AXH2-13 temperature (°C). g) AXH2-13
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0-120 ppmin the main image and with full range 0-600 ppm cH, in the inset, demonstrating the scale of the spike observed on
19th May 2022. Blue dashed lines indicate periods of precipitation measured at the Bunbury Weather Station, Western Australia.

Neoproterozoic banded iron formations, with cH, ranging
from 0 to 730 ppm, localized around SCDs [9).

Autonomous surveys in Brazil have recorded diurnal
hydrogen variations, with concentrations peaking at
midday due to pressure-driven gas release [37]. Similar pat-
terns have been observed on the Yilgarn Craton [16], but
this study demonstrates such variations for the first time
in the Perth Basin and quantifies the scale of repetition
required when using point survey techniques alone.

The spatial variability in hydrogen concentrations,
particularly the high cH, values recorded near the Harvey
River canal suggests that subsurface structural features
may influence seepage pathways. Given that the fault inter-
sects Proterozoic basement rocks, including granites and
greenstones [38, 39] known elsewhere to generate hydrogen
through radiolysis and serpentinization, it is plausible that
these geological elements play a role in sourcing or facilitat-
ing hydrogen migration at the site. While detailed source

attribution was beyond the scope of this study, the geolog-
ical setting remains a plausible control on the observed flux
patterns.

4.2 Comparison of survey methods

Both point surveys and autonomous monitoring captured
the general range of Hy and CO, emissions (Fig. 7).
However, the results of point surveys showed significant
variability across sampling days, ranging from 0 ppm cHs
on May 4, 2022, to >1,000 ppm on May 17, 2022. This vari-
ability highlights the need for repeat surveys to accurately
characterize emission ranges [17].

Understanding how many repeat point surveys are
needed is critical for efficient natural hydrogen exploration.
In this study, we found that the full range of hydrogen
concentrations observed during the 31st March 2022
survey was already encompassed within the interquartile
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range (25-75th percentile) of the data collected between the
17th May 2022. This suggests that the 31st March survey
did not contribute additional information on soil gas
variability and may have been redundant. In contrast, each
of the other four survey days captured unique variability
not observed on other dates, indicating that they were
necessary to characterize temporal fluctuations. Further-
more, the variability in point survey data was consistent
with the range captured by 25 days of continuous WHALI
monitoring. Based on this comparison, we propose that four
well-timed point surveys were sufficient to characterize soil

30000

. - 1000
*
25000 -
*
4 800
20000 * A
£ —
3 e
~ 15000 ~ * c
< . Je00 =
Q T
[&] 5]
o
. .
10000 4 200
3 .
5000 - H o
é : i
0l . % : o
Point WHALI Point WHALI

[ 25%~75% T Range within 1.51QR — Median Line [] Mean 4p Outliers

Fig. 7. Box plot comparing the range of cCO, (left) and cH,
(right) concentrations captured by all five point surveys (com-
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individual points show outlier data variability.

gas hydrogen variability at the DMP Harvey-2 site during
the autumn 2022 monitoring period.

The high cH, values (>1,000 ppm) observed on May 17,
2022, lack sufficient contextual data to conclusively differ-
entiate between natural hydrogen pulses [37] and potential
drilling-induced artifacts [6, 19]. Nevertheless, the consis-
tency of results and proximity of these elevated cHy values
to the hydrogen pulse recorded at AXH2-13 two days later
suggest a connection to natural hydrogen emissions,
potentially linked to deep geological pulses [13].

Autonomous monitoring provided higher temporal reso-
lution, enabling the confident identification of transient
events [17]. For instance, the 598 ppm hydrogen pulse
observed on May 19, 2022, was attributed to a natural
hydrogen release due to its occurrence in the absence of
anthropogenic activity. Transient hydrogen pulses, such
as this, likely represent dynamic migration processes from
the deep subsurface, facilitated by geological structures like
the F10 fault [6, 9].

Autonomous monitoring facilitated the direct compar-
ison of Hy emissions with other gases, revealing important
relationships. For instance, CO, and Hs emissions showed
no significant correlation during the monitoring period,
except for the first four days at AXH2-10, where they were
negatively correlated. Similarly, the identified cHy spikes
lacked concurrent spikes in CO, or H,S concentrations
[17], suggesting distinct generation mechanisms. While
identifying the source of natural hydrogen was outside the
scope of this study, the lack of co-occurrence of these gases
indicates that bacterial processes are unlikely to be the
primary source of the observed natural hydrogen emissions.
Such nuanced insights into gas dynamics were not possible
through point sampling alone.

Repeated point sampling is an effective method for
establishing broad soil gas emission baselines [17]. However,
this study highlights the necessity of conducting multiple
surveys to capture temporal variability. In this case, four
surveys were required to completely capture the data range
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Fig. 8. Lower-triangle heatmap of Pearson correlation coefficients among cHy, CO,, atmospheric temperature, atmospheric pressure,
and relative humidity, combining data from the AXH2-10 and AXH2-13 monitoring sites. Notably, cHy and CO, exhibit opposite
correlations with relative humidity, highlighting distinct environmental controls on gas flux. Values below sensor resolution were

excluded from the analysis.

recorded by the autonomous monitors over a 25-day period.
Integrating point surveys with autonomous monitoring
enhances temporal data resolution, offering a more compre-
hensive understanding of emission dynamics and their
potential geological and environmental drivers.

4.3 Environmental influences on soil gas emissions

Environmental conditions, including temperature, atmo-
spheric pressure, and soil moisture, influenced both the
cH; and ¢CO, emissions.

Soil type is known to impact CO, flux [40], and thus
may also impact cHy flux. However, both the AXH2-10
and AXH2-13 monitoring sites appeared to have very
similar soil types, being damp grey clays.

While temperature and cH, here appeared to correlate,
statistical analysis revealed a weak correlation (7 = 0.13),
indicating that temperature alone is insufficient to explain
hydrogen flux variability (Fig. 8). At AXH2-10, peak H,
concentrations occurred on cooler mornings, suggesting
that additional factors, such as pressure or soil moisture,
play a role in modulating emissions. These findings are
consistent with previous studies that demonstrated that
temperature fluctuations at depths of 80-100 cm are largely
seasonal rather than diurnal [41, 42].

Soil moisture, inferred from relative humidity and pre-
cipitation data, is a strong determinant of soil gas flux
dynamics [11, 12, 18]. During the initial dry period at
AXH2-10, low relative humidity correlated strongly with
elevated cH, emissions. For example, hydrogen flux was

highest when relative humidity was below 65%, but as
relative humidity increased to 74% by the 8th of May,
2022, emissions sharply declined (Figs. 4a and 4d). Simi-
larly, at AXH2-13, consistently high relative humidity
throughout the monitoring period (mean 79%) indicates
high soil moisture, which likely suppressed both H, and
CO, emissions by limiting soil gas diffusion [40, 43, 44].
An exception to this suppression was the isolated
598 ppm hydrogen pulse observed on the 19th of May,
2022. These results align with previous research showing
the inhibitory effects of soil moisture on gas diffusion and
hydrogen flux variability in shallow soils [45].
Atmospheric pressure fluctuations were weakly linked
to cH, overall (1 = 0.11), however, the broad relationship
cannot capture the daily scale pressure pumping [46].
Falling atmospheric pressure during the day facilitated
increased Hs gas flux, while rising nighttime pressure inhib-
ited emissions [43]. The diurnal variability in hydrogen
emissions observed at both monitoring sites in this study
(Figs. 4d and 4h) aligns with the findings of Moretti et al.
[32] in Namibia, where similar daily flux patterns were
noted in sub-circular depressions. Both studies observed
maximum hydrogen flux during midday, suggesting a
consistent relationship between temperature-driven pres-
sure changes and hydrogen release across diverse geological
settings. These parallels emphasize the relevance of environ-
mental controls on hydrogen flux and the importance of
integrating high-frequency, continuous monitoring to
capture temporal dynamics accurately [37]. Modelled
mechanisms for pressure-driven gas release in shallow soils
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further support this observation, highlighting how pressure
dynamics can amplify hydrogen seepage [47, 48].

The elevated ¢cCO, concentrations observed at AXH2-
10 are unlikely to be driven by vegetation, as the probe
depth (80-100 cm) extends well below the active root zone
of perennial grasses, typically limited to the top 30 cm of
soil [49]. While AXH2-10 had denser grass cover than
AXH2-13, the latter was located nearer to a stand of
mature trees. Given the similar clay-rich soil composition
at both sites and the limited root biomass at the sampling
depth, differences in vegetation or soil type are insufficient
to explain the CO, variability. It is more likely that the
higher cCO, at AXH2-10 reflects site-specific subsurface
processes such as microbial respiration, variations in soil
gas diffusivity, or other short-term environmental influences
on CO, generation.

Temperature, soil moisture, and atmospheric pressure
all contribute to the low-level diurnal gas variability.
Although no single factor explains the gas concentra-
tions, their combined effects offer insights into natural
hydrogen microseepage. Simultaneous monitoring of multi-
ple environmental variables enhances the ability to charac-
terize microseepage dynamics and informs the design of
more targeted exploration campaigns and baseline surveys
[9, 12].

4.4 Implications for subsurface storage and natural
hydrogen exploration

Geological hydrogen storage is increasingly viewed as a
cornerstone technology in the shift toward low-carbon
energy systems [50], but ensuring its safety and efficiency
requires extensive monitoring to manage leakage risks and
environmental impacts [51, 52]. Baseline soil gas surveys
are critical for distinguishing natural hydrogen seepage
from storage-induced leaks, offering spatial and temporal
context essential for accurate risk assessments and monitor-
ing system design. Hydrogen’s high mobility and low solu-
bility make it susceptible to dispersion and interaction
with shallow subsurface environments, emphasizing the
need for geochemical monitoring. Measuring hydrogen
alongside associated gases such as CH,, CO,, and H,S
provides a more complete approach to understanding
subsurface hydrogen behavior, including transformations
driven by microbial or abiotic processes [50].

This study contributes to the body of knowledge by
demonstrating the variability in soil gas cHy in the Perth
Basin near DMP Harvey-2 and the inadequacy of single-
point surveys to establish emission baselines. Here, four
surveys within one season captured the full range of soil
gas emissions, while continuous monitoring provided high-
resolution temporal data essential for characterizing
dynamic soil gas processes.

Soil gas sampling remains a low-cost, efficient method
for detecting microseepage for natural hydrogen explo-
ration. Anthropogenic artifacts complicate the interpreta-
tion of natural hydrogen wersus human-induced sources
in hydrogen microseepage [19]. Developing a statistical
understanding of the number and duration of surveys for

statistical significance will improve survey efficiency. By
integrating geological field data, this study advances the
exploration of natural hydrogen and supports its develop-
ment as a sustainable energy resource.

4.5 Limitations and recommendations for future work

The primary limitation of this study was its restricted time-
frame, as it was conducted over a single season (Autumn
2022). Seasonal variability in hydrogen micro-seepage
patterns, driven by fluctuations in temperature, soil mois-
ture, and atmospheric pressure, was not captured. This
temporal constraint limits the broader applicability of the
findings. To address this, future surveys should incorporate
either four discrete point measurements or at least 4 weeks
of autonomous monitoring, per season. Such extended
temporal coverage will facilitate the development of reliable
year-round spatial and temporal baselines and enable the
identification of potential micro-seepage hotspots, as
suggested by previous studies [9, 12].

Moreover, incorporating direct soil moisture measure-
ments and continuous humidity monitoring in future
studies is essential to enhance a deeper understanding of
hydrogen soil gas diffusion dynamics. These additional data
layers will provide a more comprehensive framework for
interpreting micro-seepage behavior and refining predictive
models. By addressing these limitations, subsequent
research can significantly advance the reliability and appli-
cability of hydrogen seepage assessments.

5 Conclusions

At the DMP Harvey-2 site, we evaluated temporal and spa-
tial variability in hydrogen soil gas emissions and assessed
the relative performance of point-based and autonomous
monitoring approaches under field conditions. Hydrogen
emissions exhibited significant variability, with a combina-
tion of baseline flux and sporadic pulses linked to environ-
mental and geological factors. A high hydrogen spike at
AXH2-13 highlighted episodic geological pulsing, suggest-
ing dynamic release mechanisms and possible migration
pathways associated with the nearby F10 fault.

While multiple single-point surveys were effective in
capturing the range of emissions, they were unable to
resolve abrupt flux changes influenced by environmental
drivers. Autonomous monitoring provided a more detailed
understanding of dynamic processes, offering high-
resolution data that revealed previously unobserved tran-
sient hydrogen pulses. Integrating both approaches enabled
the establishment of thorough emission baselines and a
more extensive evaluation of hydrogen microseepage
patterns.

These findings contribute to advancing hydrogen explo-
ration strategies and provide a scalable methodology for
improving soil gas monitoring across diverse geological
settings. The integration of autonomous monitoring with
traditional surveys enhances the detection of hydrogen
migration pathways and identifies natural seepage hotspots
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with greater accuracy. Such approaches are critical for
ensuring the safety and effectiveness of hydrogen storage
and exploration projects, aligning with global efforts to
develop hydrogen as a cornerstone of the clean energy
transition.

By applying these methods in other geological contexts,
the hydrogen energy sector can improve exploration effi-
ciency, better mitigate risks, and accelerate progress toward
a sustainable, low-carbon future.
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