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Abstract Atmospheric gases that dissolve in groundwater at the time of recharge are valuable tracers
of groundwater residence time, but corrections are sometimes required. Low-solubility gases like SF6 are
particularly susceptible to the effects of excess air, which is generally assumed to occur at the time of
recharge. If after excess air correction SF6 is still elevated above the expected concentration for water in
equilibrium with the atmosphere, this is often attributed to a terrigenic source. We propose that
compressed air used during and after well installation is a potential source of excess air, which can
sometimes explain elevated SF6 concentrations from wells drilled in the last few decades. This concept is
demonstrated by correcting elevated SF6 and CFC-12 measurements from 55 wells at field sites in the
Pilbara region of Western Australia with up to 10 mL(STP)/kg of atmospheric air from the time of drilling
(2006–2016). The resulting SF6 and CFC-12 concentrations are consistent with recharge between 1950
and 1970 for most wells. Excess air in recharge from that period could not have contained enough SF6 to
explain the measured concentrations. This decoupling of excess air from recharge is potentially also
significant for other gaseous age tracers with limited solubility including SF5CF3, Halon 1301, 39Ar, 85Kr,
and 81Kr.

1. Introduction
Understanding the residence time of groundwater is critical for managing water security because it indicates
aquifer replenishment rates (McMahon et al., 2011) and the time scale of aquifer vulnerability to contami-
nation (Dörr et al., 1997). The residence time of young groundwater is commonly estimated using measured
concentrations of the dissolved trace gases sulfur hexafluoride (SF6) and chlorofluorocarbons (CFCs),
which have been released into the atmosphere by industrial activities since the middle of last century
(Chambers et al., 2019).

The basis of using these compounds is that they have a unique atmospheric signature which transfers into
recharging groundwater. The concentration measured in groundwater then represents a marker of the point
in time that recharge occurred. The concentration of CFCs in the atmosphere was increasing until the
mid-1990s, but reduced CFC production since the late 1980s has resulted in falling atmospheric concentra-
tions in recent years. SF6, whose atmospheric concentration continues to increase, is therefore becoming
more relied upon to date young groundwater.

The concentration of SF6 and CFCs in recharge in equilibrium with the atmosphere will depend upon the
atmospheric concentration of these gases and on their solubility in water as a function of temperature and
pressure. Unfortunately, atmospheric equilibrium is not the only control on SF6 and CFCs in groundwater
(Chambers et al., 2019; Darling et al., 2012). Excess air from bubbles that are entrapped during recharge
and subsequently dissolved can elevate gas concentrations in water (Heaton & Vogel, 1981), as can in situ
production from aquifer materials (terrigenic source) and anthropogenic contamination. Because of its
low solubility, the small amounts of SF6 dissolved in groundwater by atmospheric equilibrium are very
susceptible to modification. Excess air is particularly important and is usually quantified from measured
concentrations of noble gases in groundwater. However, numerous studies have identified SF6 concentra-
tions that are greater than can be explained by atmospheric equilibrium and excess air, and in locations
where anthropogenic contamination is unlikely. These high concentrations are often attributed to terrigenic
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sources (Busenberg & Plummer, 2000; Friedrich et al., 2013; Koh et al., 2007; Lapworth et al., 2013; von
Rohden et al., 2010).

This paper presents a conceptual model and field data showing that air introduced to the aquifer during
drilling and well development can greatly increase SF6 and, to a lesser extent, CFC concentrations in sampled
groundwater. This potentially neglected source of excess air provides an alternative explanation for elevated
SF6 concentrations.

2. Concept
Compressed air is often used in drilling to lift cuttings from the borehole, and it is nearly always used in well
development to surge water in and out of the screen, and/or lift water to the surface to remove fine material
and provide an initial estimate of well yield (Sterrett, 2007). When a large volume of air is injected at high
pressure into an open borehole or the screened interval of a well it is inevitable that some of it will invade
the surrounding formation. For example, Busenberg and Plummer (2010) used a marker gas in drilling air
and found that it was still present in groundwater samples 5 years after well installation in a fractured
rock aquifer.

We postulate that some of the invading compressed air used during or after well installation dissolves in
groundwater surrounding a well, either partially or completely transferring the contained gases. Thus, the
total amount of excess air would comprise an injected air component and a recharge component (assuming
surface contamination is negligible). Previously, drilling related excess air has not been specifically con-
sidered, and this could sometimes result in incorrect residence time estimates and/or contamination or
terrigenic sources being unnecessarily invoked.

If, by coincidence, the age of water sampled from a well is equal to the age of the well, then both drilling and
recharge related excess air components would have occurred at the same time. They would thus have identi-
cal concentrations and there would be no need to differentiate between them for residence time calculations.
However, it is more likely that they occurred at different times, and therefore had different atmospheric
air signatures. The challenge then is to determine the proportion of total excess air, given by noble gas
concentrations, that should be assigned to each source.

Insight into the likely role of each excess air source is given by comparing field data to the range of con-
centrations that could be expected due to reasonable amounts of excess air from each source. Indicatively,
recharge related excess air can be modest and fairly consistent in some lithological settings (e.g., 1–3
mL(STP)/kg, Busenberg & Plummer, 2000; Darling et al., 2012; Zuber et al., 2005), and quite variable in
other settings, such as fractured rock and rapid recharge in semiarid climates (e.g., up to 18 mL(STP)/kg,
Busenberg & Plummer, 2000; Wilson & McNeill, 1997). The indicative magnitude of drilling related excess
air is unknown, but here we consider the same range for both sources.

To illustrate the situation, Figure 1 shows the groundwater SF6, CFC-12, and CFC-113 concentrations that
would arise from fully dissolving up to 15 mL(STP)/kg of air with different atmospheric signatures into
groundwater of different ages (calculations described in methods section). These plots also show the range
of concentrations that would arise from up to 15 mL(STP)/kg of excess air in recharge at each point along
the atmospheric curve (blue or purple shaded area) or simply due to mixing of water with different ages if
no excess air is present (red or purple shaded area). If samples plot outside of these shaded areas, it means
that the SF6 and/or CFC concentrations have been altered by a process other than recharge related excess
air or mixing. Note that complete dissolution of recharge excess air is assumed, but if incomplete dissolution
and associated fractionation occurs there would be less dissolved SF6 and the blue/purple area on the plots
would be smaller.

Because of its lower solubility, SF6 concentrations are much more affected by excess air than any of the CFC
concentrations (Figure 1a). This causes a distinct departure from the atmospheric curve on a tracer-tracer
plot, particularly for excess air occurring in the last few decades. This departure occurs along a line of known
slope and magnitude according to the year in which the excess air occurred.

Even a modest amount of excess air with a modern SF6 signature, from either recharge or compressed air,
can completely overwhelm the atmospheric equilibrium signature of groundwater of any age. Conversely,
excess air from recharge or compressed air use before around 1980 had a relatively low impact on SF6 and
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Figure 1. Contamination of (a) SF6 and CFC-12 and (b) CFC-113 and CFC-12 concentrations in groundwater of different ages (i.e., recharge in 2000, 1980, and
<1950) by increasing amounts of excess air (i.e., 0, 5, 10, and 15 mL(STP)/kg) introduced at different times (i.e., EA 2020, 2000, and 1980). The effect of excess
air from 1960 is too small to be seen on these plots. Water in equilibrium with the Southern Hemisphere atmosphere is shown by the bold black curve, and the
red/purple shaded area indicates the range of concentrations that could be explained by mixing of water of different ages if no excess air is present. Solid
symbols indicate equivalence of the effect of excess air from drilling and recharge, and the blue/purple shaded area shows the range of concentrations that
could be explained by up to 15 mL(STP)/kg of excess air in recharge. Calculations assume atmospheric pressure at 600 m above mean sea level and a
temperature of 24 ◦C.

CFC concentrations due to the low atmospheric levels, and the effect of excess air with a 1960 atmospheric
signature is less than the symbol size in Figure 1.

Excess air is not necessarily evident in tracer-tracer plots of the CFCs (Figure 1b) because their more similar
solubilities make the effect indistinguishable from water with a younger age signature or mixing of water
with different ages. Only for samples falling near the peak of atmospheric CFC concentrations would excess
air create a distinct departure from the atmospheric curve.

The apparent age of groundwater accessed by a well is determined by the travel times of water from one
or more recharge locations. Recharge is a continual process so, for gases with time-varying atmospheric
signatures, the equilibrium concentrations in groundwater and the effects of excess air vary according to
the recharge date. In contrast, the impact of excess air from compressed air depends on the date it was used
in the well and, because it is an event-type phenomenon, its impact is gradually removed by natural flow
processes and pumping from the well.

3. Methods
3.1. Field Site

The data presented in this paper were obtained from 55 groundwater wells situated in the eastern Hamer-
sley Basin in northern Western Australia (Figure 2). The field sites are on broad, lightly vegetated plains at
elevations from 414 to 786 m above mean sea level (average ∼600 m), surrounded by hills of outcropping
Banded Iron Formation. The region has an arid tropical climate, and groundwater recharge is mainly associ-
ated with summer cyclones and heavy rains, which create flow in the watercourses (Dogramaci et al., 2012).
The average summer minimum temperature is in the vicinity of 24◦C, as measured at the Newman Airport
(Australian Bureau of Meteorology weather station ID: 007176, latitude: 23.42◦S, longitude: 119.80◦E).

The hydrogeology is structurally controlled and complex, with aquifers occurring variably in alluvial/detrital
material, concealed channel iron deposits, karstified dolomite, and fractured rock (Rojas et al., 2018).
Groundwater is generally warm (28–32◦C) and fresh (salinity ∼600 mg/L), and environmental tracers indi-
cate that samples are often a mix of recent preferential recharge and older diffuse recharge from past
climates (Cook et al., 2017; McCallum et al., 2017). Importantly, igneous and volcanic rocks, which have been
associated with terrigenic SF6 sources in other places (e.g., Busenberg & Plummer, 2000; Koh et al., 2007),
are absent in the vicinity of the sampled wells.
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Figure 2. (a) Location of the Hamersley Basin in Western Australia indicating the map extent for (b) location of
sampled wells in the eastern Hamersley Basin. The basemap indicates surface topography and drainage lines.

The wells were drilled between 2006 and 2016, and most were constructed with long screened intervals to
maximize yield, or to monitor drawdown of the whole aquifer system (well details available in the repos-
itory cited in the Data Availability Statement section). Fluid-based drilling techniques are often, but not
always, used for production wells, while compressed air circulation is more common for lifting cuttings
and water from boreholes drilled for monitoring wells. The typical development procedure for a produc-
tion well involves surging and airlifting at incremental depths across the screened interval for a duration of
approximately one day. Monitoring wells typically see less development, with airlifting only until the water
runs clear.

The wells can be broadly grouped by the volume pumped prior to sampling. Dewatering wells operate con-
tinuously and pumpage typically has been large (1–17 gigaliters (GL)). Other production wells installed for
supply or aquifer testing have been subject to much less pumping (0–1 GL), while monitoring wells were
only pumped for sampling (i.e., <0.00001 GL).

3.2. Sampling and Analysis

Sampling was undertaken on several occasions between 2014 and 2017. Data from one of the sites and a
more detailed description of sampling, analysis, and interpretation methods is given by Cook et al. (2017).
If wells were not already pumped continuously, they were purged of at least three casing volumes and field
parameters were observed to stabilize before sampling. SF6 samples were collected in 1 L brown glass bot-
tles and CFC samples were collected in 125 ml clear glass bottles with foil lined caps. In both cases, the
bottles were placed in a larger container and bottom filled until the container was full and the bottle was
completely submerged, at which point it was capped ensuring no air bubbles were present. Samples were
analyzed for the trace anthropogenic gases SF6, CFC-12, and CFC-113, and the naturally occurring major
gases argon (Ar) and nitrogen (N2) at the Geological and Nuclear Sciences (GNS) Water Dating Laboratory
in New Zealand. SF6 and CFC concentrations were measured by gas chromatography using a purge and trap
system with electron capture detection, and reported as mass of compound per kilogram of water (fg/kg and
pg/kg, respectively). Ar and N2 were measured on the CFC samples as part of this process and reported as
volume of gas at standard temperature and pressure (STP) per kilogram of water (mL(STP)/kg).

3.3. Equilibrium Calculations

The equilibrium concentrations of the gases in water were calculated from their mean Southern Hemisphere
atmospheric concentrations using Henry's Law in the form:

Cweq = CatmmgasSgas(Patm − Pwv) (1)
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where Cweq is the concentration (M/M) dissolved in water in equilibrium with the atmosphere, Catm is the
mixing ratio (L3/L3) of the gas in dry atmospheric air, mgas is the molecular weight of the gas (M/mol),
Sgas is the solubility coefficient (mol/M/P) for the gas at a given temperature and salinity, Patm is the total
atmospheric pressure (P), and Pwv is the water vapor pressure (P). Atmospheric SF6 and CFC histories were
obtained from the reconstruction by Bullister (2015), and combined data from the Halocarbons and other
Atmospheric Trace Species (HATS) global database made available by the United States National Oceanic
and Atmospheric Administration (NOAA)/Earth System Research Laboratories (ESRL) Global Monitoring
Division. Solubility coefficients for the site conditions (atmospheric pressure at 600 m, temperature of 24◦C,
and salinity of 600 mg/L) were calculated using empirical constants for SF6 (Bullister et al., 2002), CFC-12
(Warner & Weiss, 1985), and CFC-113 (Bu & Warner, 1995).

3.4. Excess Air Calculations

The total excess air in each sample (volume per kilogram of water) was calculated from measured Ar and
N2 concentrations using standard methods (Stute & Schlosser, 2000) and the solubility equations given by
Weiss (1970). This field site is remote from agricultural activities and there are no known sources of nitrogen
production, so it is reasonable to assume that N2 in groundwater primarily originates from the atmosphere.

The amount of a gas in excess air is given by the atmospheric composition at the time the excess air occurred.
Previously, excess air has been attributed to air bubbles entrapped during recharge, and so the atmospheric
concentration of excess air is the same as Catm in Equation 1. However, some may in fact originate from
compressed air used in drilling and well development, the composition of which is given by the known
atmospheric concentrations at the time the compressed air was used.

Although there are various models for partitioning of gases between air and water phases (e.g.
Aeschbach-Hertig et al., 2008), we simply consider the complete dissolution of excess air into groundwa-
ter. Thus, the additional concentration of a gas transferred into a unit volume of groundwater, Cea (M/M) is
given as

Cea =
VeaCatmmgasP

RT
(2)

where V ea is the volume of excess air per unit mass of groundwater (L3/M), P and T are the site-specific
atmospheric pressure (P) and temperature (T) respectively, and R is the ideal gas constant (L3P/T/mol).

Assuming all other modifiers are negligible, the concentration of the gas in sampled groundwater, Cgw
(M/M), is then given as the combination of atmospheric equilibrium, excess air from the time of recharge
(denoted with _r), and excess air introduced by compressed air used during or after well installation
(denoted with _c):

Cgw = Catm_rmgasSgas(Patm − Pwv) +
Vea_rCatm_rmgasP

RT
+

Vea_cCatm_cmgasP
RT

(3)

Note that there are no constraints on the relative timing of the two excess air components. Groundwater
accessed by a well could have been recharged before, during or after the time of well installation. Note also
that if the two components occurred at different times then the prevailing temperature could also be differ-
ent. However, the difference is usually small because the number of moles in a volume of gas is proportional
to temperature in Kelvin.

4. Results
SF6 concentrations in many wells were highly elevated above the expected atmospheric equilibrium at the
field site (Figure 3a, all results available in the repository cited in the Data Availability Statement section).
Most samples with elevated SF6 plot on a steep trend departing from the atmospheric curve in the region
indicating recharge in the 1950s and 1960s (i.e., 2–35 pg/kg CFC-12). The magnitude of these departures is
far greater than that which could be explained by excess air in recharge (blue and purple area in Figure 3a)
or mixing of water of different ages (red and purple area in Figure 3a). Instead, the magnitude and slope
of these departures is very similar to that of excess air from the last two decades (Figure 1). However, these
samples clearly do not represent such recently recharged groundwater based on the CFC-12 concentrations.
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Figure 3. (a) SF6 versus CFC-12 measured in samples from 55 wells at the Pilbara field sites, compared to water in equilibrium with the Southern Hemisphere
atmosphere (WEA), and the range of concentrations resulting from up to 15 mL(STP)/kg excess air in recharge (blue and purple shaded area) or well drilling in
2006 and 2016 (dashed lines). The red and purple shaded areas indicate the range of concentrations that could be explained by mixing of water of different ages
if no excess air is present. (b) Drilling air corrected values showing the drilling year and amount of excess air required to bring the measured values into line
with the WEA curve for five samples. Calculations assume atmospheric pressure at 600 m above mean sea level and a temperature of 24◦C.

Consequently, we explored the idea that recent excess air was introduced to the groundwater by compressed
air used during well installation. In this case, all wells were drilled between the years 2006 and 2016, and
Figure 3a shows the effect of up to 15 mL(STP)/kg of excess air from each of these points in time. As illus-
trated in Figure 3b, subtracting reasonable amounts of excess air introduced at the time of drilling each well
places each sample on the atmospheric equilibrium curve (these amounts are generally compatible with the
Ar/N2 estimates described below). The atmospheric curve is a consistent target for the correction, and for
this analysis we have assumed that all excess air is drilling related. However, we recognize that mixing and
recharge related excess air could also contribute to SF6 above the atmospheric curve. But, given the clear
evidence of significant drilling related excess air in some samples, it is perhaps not unreasonable to consider
it as the dominant source.

For the few samples with apparently modern atmospheric signatures (i.e., those plotting toward the right
side of Figure 3a) it is possible that recharge related excess air could explain the elevated SF6 concentrations
(particularly where samples plot in the blue shaded area). For example, for the point labeled "Drill 2013" in
Figure 3b, if we assume that recharge occurred in the year 2010, then 10.9 mL(STP)/kg of excess air during
recharge would place the corrected concentrations in the corresponding position on the atmospheric curve,
as indicated by the red cross. In comparison, the drilling air correction of 10.2 mL(STP)/kg gives equilibrium
concentrations corresponding to recharge in 2007 (blue cross). Similarly, for the data point labeled "Drill
2007", 14.1 mL(STP)/kg of excess air in recharge in the year 2000 would place the values in the corresponding
position on the atmospheric curve, as indicated by the red cross. For all other samples, using anything but
air from the time of drilling would either not intersect the atmospheric curve, or require an unrealistically
large amount of excess air.

Figure 4 compares the total amount of excess air in the samples, derived from Ar and N2, with the amount
of drilling related excess air required to reduce the SF6 and CFC-12 values back to the atmospheric curve.
Before using this plot, we must recognize that the Ar/N2 estimate represents the total of both recharge and
drilling related excess air, so the SF6 correction with drilling air is only sensible if the amount is equal to or
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Figure 4. Excess air estimated from drilling air correction of SF6 and
CFC-12 versus excess air estimated from measured Ar and N2 values. The
latter are expected to be equal to or greater than the former due to the
excess air from recharge.

less than the Ar/N2 estimate. With that caveat, samples plotting along
the equality line in Figure 4 suggest that all excess air was sourced from
drilling and/or recent recharge. Samples plotting below the equality line
also contained excess air from recharge at a time before SF6 and CFCs
were significant in the atmosphere, and/or there was incomplete dissolu-
tion of drilling related air bubbles (i.e. SF6 would preferentially stay in the
air due to its lower solubility than Ar and N2). Samples plotting above the
equality line indicate either the timing and/or magnitude of the excess air
correction is wrong, sampling and analytical errors in SF6 determination,
and/or the presence of nonatmospheric SF6 (e.g., terrigenic or industrial
source). In our case, it is reasonable to assume all excess SF6 is from
drilling because the groundwater is generally much older than the wells,
and so SF6 in drilling related excess air is likely to greatly exceed that in
recharge related excess air. As discussed above, this might not always be
the case.

Figure 5 shows the relationship between drilling related excess air and
the volume pumped prior to sampling, for wells that had a known pump-
ing history. Metered records were available for all dewatering wells and
some supply and testing wells, while monitoring wells can reasonably
be assigned a pumping history of zero on the scale of this figure. Large
drilling related excess air values mainly occurred in wells with <1 GL of
prior pumping. To put this in some context, 1 GL represents ∼80,000 well
volumes for a 400 mm diameter well with a 100 m long water column. In
the two samples with a young atmospheric signature (identified earlier
in Figure 3), excess air of ∼10 mL(STP)/kg was present despite 0.7 and
1.3 GL of pumping prior to sampling. In these cases, the excess air may
well have come from recent recharge.

The data from the heavily pumped dewatering wells (Figure 5) are a situation where drilling related excess
air contamination has been purged. These samples plot with near-zero SF6 in Figure 3, with CFCs indicat-
ing recharge occurred between ∼1960-1970, and Ar/N2 indicating recharge related excess air in the range
2–9 mL(STP)/kg (Figure 4). Excess air from recharge would not be removed during pumping because it
would be present in all groundwater.

5. Discussion
Although there are other potential sources of elevated SF6 and CFC concentrations that could play a role in
different situations, here we have shown that compressed air use can be a very significant source of elevated
concentrations. At this field site, virtually all SF6 in excess of the atmospheric equilibrium can be attributed
to compressed air used in wells installed in the last few decades. This was particularly true for samples
with atmospheric signatures indicating recharge prior to the 1980s. Thus, excess air from recharge could be
estimated by subtracting the SF6 correction amount from the total amount given by Ar/N2 correction. For
more recent groundwater, both the SF6/CFC and the Ar/N2 levels can be significantly influenced by excess
air from both recharge and compressed air, so the two sources are not so readily separated.

Using a second complementary tracer of young groundwater (here CFC-12) assisted in resolving the age
signature of samples, and the equilibrium SF6-CFC-12 curve provided a consistent target for the correction
with excess air from the time of well drilling. Microbial degradation is known to affect CFCs in anoxic condi-
tions, but CFC-12 is generally considered to be the least susceptible (e.g., Darling et al., 2012). If degradation
has occurred, the apparent age of samples could be overestimated.

The scatter of excess air values above the equality line between the estimates from Ar/N2 and SF6/CFC-12
correction is probably a reasonable indication of the errors involved in estimating excess air from these
dissolved gas compositions. Errors are typically introduced during the sampling and analytical procedures,
particularly for low solubility gases like SF6, which are easily contaminated. However, it is also possible
that concentrations of SF6 and CFCs are higher in air from a compressor than in the atmosphere due to
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Figure 5. Excess air estimated from drilling air correction of SF6 and
CFC-12 as a function of the volume pumped from the well since it was
installed up to the time of sampling, in units of gigaliters (GL).

the materials used in production and maintenance of such equipment.
Such contamination could result in disproportionate concentrations of
either of these industrial trace gases.

Most previous studies encountering elevated SF6 concentrations have dis-
counted residence time interpretation from SF6 because the appropriate
correction to place samples back on the atmospheric curve is unknown
for a terrigenic source. In contrast, the time at which compressed air was
used is usually known, so the appropriate correction trajectory is given
by the atmospheric concentration at that time (i.e., the slope of the line
describing increasing amounts of excess air). A reality check would be
that the amount of excess air for the correction should not be more than
the total excess air given by Ar/N2 or other noble gas concentrations.

Although the correct proportions of recharge and drilling related excess
air are difficult to resolve, valuable insight may be gained by exploring
the likely role of each excess air source. At our field site, elevated SF6
values could generally be corrected back to the atmospheric equilibrium
values assuming reasonable amounts of excess air if it occurred at the
time of drilling but not if it occurred at the time of recharge. These correc-
tions at least enabled semi-quantitative estimates of recharge timing for
the groundwater accessed by these wells. It would be possible to estimate
the uncertainty of this correction by considering different combinations
of drilling related and recharge related excess air that would correct con-
centrations back to the equilibrium concentration line. Such different

corrections would likely fall in different locations on the equilibrium line, thus giving ranges of plausible
groundwater ages. This correction might be improved if additional gases with variable atmospheric concen-
trations were included in the analysis. Also, the use of more noble gases would allow different excess air
dissolution models to be considered.

The impact of excess air depends on tracer type, solubility, and on the time difference between excess air
occurrence and the recharge date of groundwater accessed by a well. In general, gaseous tracers with low sol-
ubility will be more affected because the amount derived from forced dissolution of injected air is significant
relative to the recharge equilibrium concentration.

For example, compare the tracer mass from complete dissolution of 10 mL(STP)/kg of excess air (EA) with
that from atmospheric equilibrium (AE) at the same point in time (for the site conditions of this study). This
minimum effect of excess air is included as a decimal fraction (EA/AE) in the following summary points
according to tracer type:

• The amount of SF6 from excess air is 1.7 times that from equilibrium. This amount is doubled (3.4) for
trifluoromethyl sulfurpentafluoride (SF5CF3) because it is approximately two times less soluble than SF6
(Busenberg & Plummer, 2008). The CFCs and Halon 1301 are considerably more soluble than SF6 (Beyer
et al., 2017), so excess air is a smaller fraction of the dissolved concentration (CFC-11: 0.04, CFC-12,
and CFC-113: 0.14, Halon 1301: 0.21). Methods based on these anthropogenic trace gases generally rely
on atmospheric concentrations increasing over time. This means that excess air provides more tracer
the more recently it occurs, and if uncorrected the apparent age of a sample will be younger than the
actual age.

• For methods using tracer ratios (e.g., 39Ar, 85Kr, 81Kr, and 14C) excess air occurring at the time of recharge
does not need to be considered because the ratio is the same. But excess air occurring at a different time
to recharge will change the ratio and, if uncorrected, the apparent age could be older or younger than
the actual age. Argon and krypton could exhibit moderate excess air effects, with EA/AE fractions of 0.34
and 0.19, respectively. The amount of drilling related excess air might need to be identified using other
gases (e.g., SF6) in order to determine the appropriate correction. The effect is probably negligible for
radiocarbon because carbon dioxide is very soluble and excess air would be a small fraction (<0.01) of
dissolved carbon.
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• Compressed air use is probably not an issue for 3H/3He dating since 3He concentrations in the atmosphere
have not changed significantly with time (Sano et al., 2013), and hence it is not necessary to distinguish
between excess air that occurred during recharge and that which might have occurred during well drilling.

Aquifer contamination by drilling fluids including air is known to occur, and some groundwater monitor-
ing guidelines include cautionary advice about this problem (e.g. Cook et al., 2006; Plummer et al., 2013).
However, the extent of invasion and its persistence once well pumping commences is uncertain. Analogous
work has shown that very large pumped volumes are required to purge an invading plume from around
a well (Poulsen et al., 2018). This is because the contaminated water is often only a fraction of the water
produced. So, it is perhaps not surprising that there was apparent drilling related excess air remaining in dis-
charge from wells in this study that had significantly nonzero pumping histories. What is certain though is
that compressed air should be avoided in the drilling and development of wells installed with the intention
of sampling for dissolved gases.

6. Conclusion
The reliability of dissolved atmospheric gases as tracers of groundwater residence time depends on identi-
fying and correcting relevant modifying processes. In this paper we have shown that compressed air from
well drilling and development is a potential source of excess dissolved gases in groundwater, in addition to
excess air dissolved during recharge.

If the timing of compressed air use is distinct from the time at which groundwater accessed by a well was
recharged, then gas tracers with transient input signals and relatively low solubility (e.g., SF6, CFC-12,
CFC-113, Halon 1301, SF5CF3, 39Ar, 85Kr, and 81Kr) might require a two-part excess air correction. At this
field site, elevated SF6 and CFC concentrations were much better explained by excess air from drilling than
by excess air in recharge or a terrigenic or anthropogenic source.

Although the total amount of excess air can be calculated from noble gases, it is difficult to quantify the
proportion of total excess air sourced from recharge versus the proportion sourced from compressed air. But,
unlike recharge, the timing of compressed air use in a well is usually known, which gives the drilling related
excess air correction trajectory on a tracer-tracer plot. Thus, valuable insight can be derived by comparing
field data to concentrations that would arise from a reasonable range of excess air from each source.

Well drilling and development with compressed air is common practice around the world, so this source of
excess air will be relevant to many groundwater studies that consider dissolved gases.

Data Availability Statement

The data used in this paper are available in the Flinders University institutional repository (https://doi.org/
10.25957/5ECF60B8B9DD8).
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