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ABSTRACT: Governments and industries worldwide are seeking
methods to accurately estimate their methane inventories,
particularly in the open-cut coal mining sector, where quantifying
facility-level emissions remains challenging and robust verification
methods are not yet widespread. Here, we compare methane
emission rates estimated from two aircraft-based measurement
platforms with operator-reported emissions from an open-cut coal
mine in the Bowen Basin (Queensland, Australia). Coarse-
resolution satellite-based data identified the mine as a significant SIS e

emitter, making it ideal for case studies using airborne in situ and 0‘_&‘&”':5
remote sensing platforms that provide high-resolution measure- -
ments to isolate mine-scale emissions. Using airborne in situ
measurements, we estimated methane emission rates of 14.0 + 3.3 (+20) t h™' during May and June 2022. In September 2023,
airborne in situ and remote sensing measurements yielded consistent emission rate estimates of 9.6 + 1.9 (+206) th™' and 11.3 + 5.3
(£20) t h™!, respectively. If sustained, these rates would equate to annual emissions of 1.5—4.2 Mt of CO, equivalents (CO,-e)
year !, 3—8 times higher than operator-reported annual Scope 1 emissions (0.53—0.54 Mt of CO,-e year'). Beyond highlighting
the potential for under-reporting of emissions at this mine, our results indicate that aircraft-based technologies are valuable tools for
supporting accurate reporting of facility-scale methane emissions from open-cut coal mines.
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B INTRODUCTION

Top-down atmospheric measurement technologies are being

used worldwide to verify methane emission inventories.' ™" ) ) T
There is also a growing emphasis on quantifying methane about their accuracy. For instance, methane emissions at the
emissions from individual sites to accelerate mitigation Hal'l Creek open-cut coal mine in .(lueensl.and.s Bowen Basin,
efforts.S™1° derived from the TROPOspheric Monitoring Instrument

Coal mine methane emissions, which account for approx- (TROPOMI), exceeded operator-reported Scope 1 emissions
imately one-third of anthropogenic fossil fuel methane (including both carbon dioxide and methane) by more than 12

Energy Reporting (NGER) Scheme—Methods 1-3, based
on Tier 2 and Tier 3 IPCC methodologies”' ~**—have yet to
be validated using atmospheric observations, raising concerns

emissions,'" are a key focus for top-down methane emissions
verification and mitigation efforts.”'>71° However, the
literature on verification of methane emissions from a subset
of this sector, open-cut coal mines, remains sparse'”'* despite
the potentially significant contribution to national emissions
and its expected increase in the future relative to underground
mining.19

In Australia, for example, fugitive methane emissions from
open-cut coal mines comprise roughly one-fifth of the nation’s
total fugitive emissions.”” However, bottom-up reporting
methods developed under the National Greenhouse and
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times.'””* While the prevalence of such discrepancies is
unclear, this underscores the urgent need for independent
verification of methane emissions from individual open-cut
coal mines across Australia.
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Figure 1. (A) Hail Creek open-cut coal mine methane plume on September 28, 2023. The two image insets to the west and downwind of the mine
depict the two curtains flown by the in situ aircraft, with atmospheric methane concentrations (in parts per billion) interpolated between different
transect heights on a blue-to-red color scale. The first curtain was flown ~4 km downwind of the mine, the second at ~12 km. The methane plume
imaged by the MAMAP2DL spectrometer onboard the remote sensing aircraft is shown with the yellow-to-red color scale. MAMAP2DL images
were acquired ~2 h after the first in situ curtain; thus, minor differences in the spatial location of the plume due to shifts in wind direction are to be
expected. The LIDAR-derived topography of the Hail Creek mine is also shown in terrain colors. (B) Plots of raw coal seam gas content (in m* t™!)
vs depth for all boreholes in the Bowen Basin, as recorded in the Queensland Petroleum Exploration database,*” are shown to depths of 300 m
below the ground surface (blue). Superimposed in red are coal gas contents from the Rangal Coal Measures (RCM) and Fort Cooper Coal
Measures (FCCM). The dashed line represents the basin-wide mean in situ coal methane gas content of 1.65 m® t™" for the Bowen Basin.’® The
boxes represent the inferred coal methane content derived from our top-down emission rate quantifications for FY2023 (see the text and
Supporting Information for details). Map data in Figure 1A, modified from Google Earth, Image 2025 Airbus.

While area flux mapping satellites like TROPOMI can
quantify coal mine emissions at regional scales,'®* their
limited spatial resolution reduces their effectiveness for
verifying annual inventory reported emissions at the scale of
individual mines.”® Furthermore, the ability of point-source
imaging satellites to quantify emissions from individual open-
cut coal mines is unproven. These mines may emit methane
diftusely over large areas, including exposed coal seams and
from beneath the pit floor due to fractioning and reduced
pressure in the seams, waste piles, and water management
ponds, areas which may lack localized plumes associated with
emissions. The absence of well-constrained, mine-scale studies
for open-cut coal mines remains a barrier to verifying emission
estimates and refining estimation methods for Australian open-
cut coal mining facilities.

Given the challenges with satellite resolution and the
potentially diffuse nature of methane emissions from open-
cut mines, aircraft-based techniques provide a promising
alternative for high-resolution measurements. Airborne meas-
urement platforms have been used extensively to quantify
emissions at the facility scale from fossil fuel,”” 73 waste,>* ¢
and agricultural’’~*” sectors, relying on either remote sensing
or in situ measurements. These platforms have the potential to
measure both methane point sources’’ and diffuse sources,”*
offering a pathway for verifying methane emissions from open-
cut coal mines based on approved IPCC methodologies. These
approaches record gas concentration and meteorological data
at the tens-of-meters scale with high precision, allowing for
more accurate methane quantification at individual mines. This
is due to improved separation between mines, detection of
smaller sources,*”*” and better spatial resolution of plumes
compared to TROPOMI observations and inverse modeling.

Here, we present methane emission rates estimated from
two aircraft-based in situ and remote sensing measurement
platforms for a single mine in the Bowen Basin, Australia (the

Hail Creek coal mine). This mine was previously identified by
coarse-resolution satellite-based measurements as a high
methane emitter per unit of coal production,'®** making it
an ideal case study for applying higher-precision top-down
measurement approaches to reduce uncertainty. By comparing
our measurements with methane emissions estimates derived
through NGER methodologies and operator-reported Scope 1
emissions, we provide the first high-resolution empirical top-
down verification of NGER methodologies for an open-cut
coal mine in Australia.

B METHODS AND MATERIALS

Measurement Approaches. From May to June 2022, a
Diamond Aircraft HK36TTC-ECO Dimona motorglider was
deployed to sample methane plumes downwind of the Hail
Creek coal mine. This aircraft, termed the “in situ” aircraft,
provided direct measurements of methane and carbon dioxide
concentrations, as well as meteorological parameters (such as
wind, temperature, and pressure) directly at the aircraft’s
location during ﬂight.l’43

In September 2023, a second ECO-Dimona “remote
sensing” aircraft was deployed alongside the in situ aircraft.
It was equipped with the Methane Airborne Mapper 2D-Light
(MAMAP2DL) instrument’ to map atmospheric methane
and carbon dioxide concentration gradients at a spatial
resolution of 50 m X 50 m, as well as a LIDAR system to
scan and determine the current mine pit topography.

The in situ aircraft flew stacks of horizontal transects
through the downwind methane plume ranging from low
altitudes (~130 m above ground level) to the top of the
planetary boundary layer, forming downwind “curtains”. The
curtains consisted of 2—10 transects with spacing ranging from
10 to 1020 m (Table S5). The remote sensing aircraft flew at
higher altitudes (~3200 m above ground level), imaging
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Table 1. Comparison of Top-Down Emission Rate Estimates with Bottom-Up Reporting from the Hail Creek Coal Mine”

estimated top-down

estimated top-down

reported bottom-up

bottom-up NGER Method 1 Safeguard Scope 1

top-down methane emission rate methane emission rate fugitive methane emission rate” emissions®
approach financial year (th™Y) (x20) (Mt of CO,-e year™) (£20) (Mt of CO,-e year™") (Mt of CO,-e year™) ref
in situ 2022 140 + 3.3 3.42 + 0.80 0.33 0.54 this
aircraft study
2024 9.6 + 1.9 2.36 + 046 031" 053" this
study
remote 2024 11.3 £ 583 2.77 £ 1.30 0.31° 0.53" this
sensing study
aircraft
TROPOMI 2018-2019 26.3 £ 5.7 6.44 + 1.40 0.24—0.32 0.50—0.55 18
2018-2019 49 + 24 1.20 £ 0.60 0.24-0.32 0.50—0.55 25
2018-2023 25.0 £ 126 6.10 + 3.09 0.24—0.33 0.50—0.55 this
study

“All data are converted to CO, equivalents (CO,-e) using a GWP of 28 from ARS. The methane emission rates were calculated from two
quantifications on two days for the in situ aircraft in 2022, from seven quantifications on three days for the in situ aircraft in 2023, and from six
quantifications on one day for the remote sensing aircraft in 2024. For the calculation of the TROPOMI average from 2018 to 2023, quantifications
of 272 days were averaged. All values are compared to fugitive methane bottom-up estimations using Method 1 and operator-reported bottom-up
Scope 1 emissions. “Data for FY2024 were unavailable at the time of writing; here, we report data from FY2023. “Derived from Queensland
Government.>” dDepartment of Climate Change, Energy, the Environment and Water.>!

methane column anomalies (percent change of the methane
column relative to the background) flying above the boundary
layer. On September 28, 2023, clear skies and consistent,
strong winds (~8—10 m s™') allowed for the coordination of
both in situ and remote sensing flights to simultaneously
measure the methane plume downwind of the mine.

Methane Flux Estimation. For the in situ aircraft data, we
applied a mass balance approach to quantify methane emission
rates.”®' " In this approach, the methane flux quantified for
each transect was linearly interpolated using a trapezoidal
method (also termed the layer method).”*’

The methane flux from the MAMAP2DL remote sensing
data was estimated in two steps. Methane column anomaly
maps were derived from measured spectra using the Weighting
Function-Modified Differential Optical Absorption Spectros-
copy (WEM-DOAS) retrieval method.***® Methane emission
rates were estimated from these anomaly maps using the cross-
sectional flux method.****” Importantly, our approach relies
solely on flight legs acquired downwind of the mining pit to
estimate fluxes, as the mean wind speed and direction within
the pit are poorly defined due to topographic effects.

Detailed descriptions of the in situ and remote sensing
measurement platforms, the flux estimations, and the
associated uncertainties are provided in the Supporting
Information.

B RESULTS

The in situ aircraft acquired two curtains on May 31 and June
3, 2022, yielding a mean methane emission rate of 14.0 & 3.3
(£26) t h™". In 2023, the in situ aircraft acquired seven
curtains on September 15, 28, and 29. The remote sensing
aircraft acquired imagery of the methane plume on September
15 and 28; however, the methane emission rate on September
1S was not quantified due to partial cloud cover above the
methane plume. Based on in situ and remote sensing
measurements in 2023, we estimated mean methane emission
rates of 9.6 + 1.9 and 11.3 + 5.3 t h™', respectively.

During the coordinated flight on September 28, 2023, the in
situ aircraft flew two curtains at the position of two flight tracks
flown by the remote sensing aircraft (Figure 1A). Both
platforms identified a consistent methane plume location, with

MAMAP2DL imagery indicating that most emissions origi-
nated from the eastern highwall of the Main Western pit, "
where coal was being excavated during both 2022 and 2023
campaigns. On this measurement day, the mean emission rate
measured by the in situ aircraft (8.9 + 1.6 t h™') was consistent
with the rate measured by the remote sensing aircraft (11.3 +
5.3 t h™"'). Subsequent topographic LIDAR imagery recorded
on October 2 (Figure 1A) revealed that the coal being mined
was located 180—200 m below the ground surface, with the pit
floor approximately 220—250 m below the ground surface.

Bl DISCUSSION

Comparison of Bottom-Up and Top-Down Estimates.
Under Australia’s NGER Scheme, open-cut coal mine
operators report methane emissions using one of three
methods (Methods 1-3). Method 1 is a Tier 2 IPCC
methodology that relies on emission factors derived from
average basin-wide coal core gas contents. Methods 2 and 3 are
Tier 3 IPCC methodolo?es based on mine-specific coal core
gas distribution models.”’ 7>

In Table 1, we compare all top-down methane emission rate
estimates available for the Hail Creek coal mine with the two
corresponding bottom-up estimates:

1. fugitive methane emissions calculated using NGER
Method 1, applied to the run-of-mine coal extracted

2. methane and carbon dioxide emissions from both
fugitive and nonfugitive sources (Scope 1 emissions)
reported under Australia’s Safeguard Mechanism®'.

These comparisons are based on data for the equivalent or
most recently available financial year from the mine.’"”” The
NGER method used by the mine operators has not been
publicly disclosed and is, therefore, unknown. Irrespective of
the reporting method, fugitive methane emissions are lower
than the reported Scope 1 emissions, encompassing both
carbon dioxide and methane emissions.

To compare our point-in-time measurements with the
reported annual total bottom-up emissions estimates in
Table 1, we converted our results to annualized emission
rates, assuming that the measurements reflect average opera-
tional conditions over the entire financial year. While we
recognize that further research is needed to validate this
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assumption, it is important to note that no blasts were
observed during the sampling period. This likely rules out the
possibility of elevated methane emissions from blast-related
plumes, leading to overestimated yearly average emissions from
our measurements. Since emissions from open-cut coal mines
in Australia are reported on an annualized basis, our
comparisons are inherently limited by this assumption.

The mean emission rate derived from the in situ approach in
2022 is approximately 10 + 2 times higher than the average
annual emission rate estimated using NGER Method 1.
Similarly, it is about 6 + 1 times higher than the average
annual Scope 1 emission rate reported under the Safeguard
Mechanism for FY2023. At this emission rate, the reported
Scope 1 emissions would be exceeded within roughly 2—3
months.

In 2023, the mean in situ and remote sensing emission rate
estimates are 8 + 1 to 9 + 4 times higher than the average
annual emission rate estimated using NGER Method 1 and 4
+ 1 to 5 + 2 times higher than the average annual Scope 1
emission rate reported for FY2023. Similarly, at these rates, the
reported Scope 1 emissions would be exceeded within
approximately 2—5 months.

Previous TROPOMI estimates from 2018 to 2019 provide a
valuable point of comparison.'®”> On average, our aircraft-
based estimates are approximately 2—3 times those reported by
Palmer et al.”> yet more than half of those estimated by
Sadavarte et al."® However, direct comparisons with these
publications are challenging as the measurements were
conducted 3—4 years apart. To address this temporal gap,
we report a mean quantification of emissions between 2018
and 2023 derived from inverted TROPOMI observations™’
using an automated method®**® in Table 1 (see the
Supporting Information). Although less precise than aircraft-
based measurements, the mean TROPOMI-derived emissions
over this extended period [25.0 + 12.6 (+26) th™" (Table 1)]
align closely with those reported by Sadavarte et al.'® and
suggest long time frame-averaged emission rates were
sustained outside the period of our sampling campaigns.
However, they are notably higher than those of Palmer et al.*®
and the aircraft-based estimates from our study.

Although a more granular comparison of our aircraft-based
estimates to TROPOMI estimates would be informative, we
note that no sufficiently cloud-free TROPOMI measurements
are available for emission estimation on the individual days
flown during our campaign. Additionally, emission estimates
from single-day TROPOMI measurements are highly un-
certain, and a reliable uncertainty range can be achieved only
by averaging estimates over longer time frames.

The discrepancy between satellite- and aircraft-based
measurements may stem from several factors. Interference
from nearby mines and their plumes, which can affect the
downwind portion of the cross-sectional flux method partly
due to TROPOMTI’s lower spatial resolution, along with
inadequate accounting for methane accumulation within the
mining pit during low-altitude atmospheric inversions, could
contribute to overestimations in the TROPOMI mass balance
calculations. Furthermore, the source-pixel estimation method
used by Palmer et al.>® carries large uncertainties and may be
prone to low bias.’® Nevertheless, all available atmospheric
data-based estimates qualitatively indicate higher average
emission rates compared to both NGER Method 1 and
Scope 1 estimates.

Assessment of Current Bottom-Up Methods. To the
best of our knowledge, the mine operator has not reported any
premining methane drainage, which could reduce the in situ
coal gas content at the mine. Although the reporting method
used at the mine has not been disclosed, publicly available coal
core gas content and production data allow us to derive
insights and assess the suitability of various bottom-up
methods for estimating emissions.

NGER Method 1. Method 1 uses an emission factor based
on the basin-wide mean in situ coal methane gas content of
1.65 m® t™' for the Bowen Basin.’’ Mining at Hail Creek
specifically targets coal seams within the Rangal Coal Measures
and the upper parts of the Fort Cooper Coal Measures.**
Within the upper 250 m below ground surface (representing
the maximum pit depth measured by our LIDAR), these seams
have mean gas contents of 6.6 and 5.6 m* t™', respectively,
based on data from the Queensland Petroleum Exploration
Database ™’ (Figure 1B). Since the average methane contents of
the coal seams mined at Hail Creek are approximately 4 times
higher than the basin-wide average, applying Method 1 at the
mine could lead to an underestimation of methane emissions.

Furthermore, if all of the methane measured during our in
situ and remote sensing flights originated from the gas within
the in situ coal, we estimate that the required in situ coal gas
contents to match our 2023 aircraft-based emission rates
would be 12 + 2 and 14 + 7 m> of CH, t respectively. These
estimates were derived by calculating the average hourly rate of
coal extraction from annual run-of-mine production figures for
FY2023 at Hail Creek and determining the gas contents
necessary to produce the measured emission rates during our
flights (Supporting Information). Although we cannot confirm
that the average annual run-of-mine production rate was
maintained during our measurements, this approximation
provides a meaningful comparison. Notably, the coal gas
contents inferred by our aircraft-based emission rates fall
within the range of those measured for the Rangal Coal
Measures and Fort Cooper Coal Measures at the depths
currently mined at Hail Creek [0.2—15.5 m* t™' (Figure 1B)].
These findings suggest that bottom-up methods at Hail Creek
are better suited to using emission factors based on the coal gas
contents of the seams being directly extracted rather than
relying on the basin-wide average used in Method 1.

NGER Methods 2 and 3. Without knowledge of which
method is applied, and in the absence of a publicly disclosed
mine-specific coal core gas distribution model for the Hail
Creek coal mine (if one is used), we are unable to verify the
methods applied under Methods 2 and 3 (note that Method 3
is identical to Method 2, with the addition of adhering to an
appropriate gas sampling standard®’). As shown in the
previous section, our aircraft-based data indicate a substantial
alignment with the in situ gas contents reported for coal seams
mined at Hail Creek.*” However, additional methane sources
not accounted for by current Methods 2 and 3 could further
contribute to the discrepancies between our aircraft-based
estimates and bottom-up estimates, especially if Method 2 or 3
were applied at the mine.

During both underground and open-cut coal mining, gas is
emitted not only from the mined coal seam but also from
adjacent and underlying seams and gas-bearing strata. This
occurs due to preexisting fractures, the fracturing of seams
during mining, and the removal of overburden and adjacent
earth, which reduces the pressure on the coal seams. For
instance, underground coal mines in Australia®® demonstrated
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that measured emissions can be up to 4 times greater than in
situ coal seam methane contents. However, current Method 2
and 3 guidelines for open-cut mines do not require accounting
for emissions from strata below a depth of 20 m beneath the
pit floor, despite evidence that contributions from deeper
underburden vary across mines due to differences in geo-
mechanical properties and mining intensity.*"*" =%

Additionally, Methods 2 and 3 do not consider lateral gas
migration via exposed highwalls, a well-documented process in
underground coal mines.”* While lateral gas inflow into open-
cut mines has not been characterized in the Bowen Basin, early
research on Methods 2 and 3 recognized its relevance for
open-cut operations.”> Processes enabling the formation of
biologically derived methane in Bowen Basin coals suggest
locally high hydraulic conductivity and extensive lateral
connectivity, which could facilitate such migration.”> Regional
and local geological features, such as faults and volcanic
intrusions, may also influence the in situ gas content depending
on their exposure within the highwall. These structures have
been extensively mapped within the Main Western Pit at the
Hail Creek mine.*”

Finally, in addition to within-pit methane sources, in situ
biological methane production within water management
ponds, disturbed soils, and exposed coal stockpiles may also
contribute to the Hail Creek methane emissions budget.
However, they are not accounted for under Methods 2 and 3.
‘While MAMAP2DL imaging data did not suggest that these
sources significantly contribute to the total emissions, further
research is needed to quantify their annual proportional
contribution.

B IMPLICATIONS

Our study is the first to successfully use aircraft-based
measurement platforms to verify NGER methodologies at an
open-cut coal mine in Australia. While this study focuses on a
single high-emitting mine, aircraft-based approaches should be
applicable to most open-cut coal mines across the country and
can play an increasingly important role in verifying methane
emissions in Australia’s National Inventory. For instance,
Queensland coal mines reported a combined total of 258 kt of
methane emissions across 54 operating mines in 2022,°%¢7
suggesting average methane emission rates of approximately
0.5 t h™". Although a quantification limit for this specific in situ
instrumentation has not yet been established, similar aircraft-
based platforms have successfully quantified methane emission
rates below 0.01 t h™' during controlled-release studies.*"*®
Furthermore, emissions from open-cut coal mines with rates
exceeding 0.4—0.7 t h™! are anticipated to be quantifiable using
MAMAP2DL (see the Supporting Information).

The discrepancy between operator-reported emissions and
our two aircraft-based estimates underscores the need for a
comprehensive review of the bottom-up reporting methods
currently applied at Hail Creek. While our results reveal
significant disagreement between bottom-up and top-down
estimates for this mine, Figure 1B shows that the coal seams
mined at Hail Creek are among the gasiest in the Bowen Basin.
Consequently, it remains unclear whether these discrepancies
are representative of other mines in the region. Further
measurements are needed to better understand these differ-
ences and assess their applicability to other Australian open-cut
mines. Additionally, our findings highlight the need for
extensive measurements to evaluate and quantify temporal
variations in methane emissions from open-cut coal mines.
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