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Geological CO2 quantified 
by high‑temporal resolution stable 
isotope monitoring in a salt mine
Alexander H. Frank1*, Robert van Geldern1, Anssi Myrttinen2, Martin Zimmer3, 
Johannes A. C. Barth1 & Bettina Strauch3

The relevance of CO2 emissions from geological sources to the atmospheric carbon budget is 
becoming increasingly recognized. Although geogenic gas migration along faults and in volcanic 
zones is generally well studied, short-term dynamics of diffusive geogenic CO2 emissions are mostly 
unknown. While geogenic CO2 is considered a challenging threat for underground mining operations, 
mines provide an extraordinary opportunity to observe geogenic degassing and dynamics close to 
its source. Stable carbon isotope monitoring of CO2 allows partitioning geogenic from anthropogenic 
contributions. High temporal-resolution enables the recognition of temporal and interdependent 
dynamics, easily missed by discrete sampling. Here, data is presented from an active underground 
salt mine in central Germany, collected on-site utilizing a field-deployed laser isotope spectrometer. 
Throughout the 34-day measurement period, total CO2 concentrations varied between 805 ppmV 
(5th percentile) and 1370 ppmV (95th percentile). With a 400-ppm atmospheric background 
concentration, an isotope mixing model allows the separation of geogenic (16–27%) from highly 
dynamic anthropogenic combustion-related contributions (21–54%). The geogenic fraction is inversely 
correlated to established CO2 concentrations that were driven by anthropogenic CO2 emissions within 
the mine. The described approach is applicable to other environments, including different types of 
underground mines, natural caves, and soils.

Knowledge of geologically derived CO2-fluxes in tectonically active and seismic areas, as well as in areas of 
geothermal heat flow, is well established1–10. In the last decade, it has been increasingly acknowledged that the 
Earth’s mantle and crust CO2 emissions may account for a substantial quantity of the global atmospheric carbon 
cycle11,12. This belated recognition might have been rooted in the challenging apportionment of such geogenic 
CO2 contributions. While its analysis is already demanding at active volcanoes, diffusive degassing through 
the pedosphere involves additional analytical challenges because differentiation from respiration is not easily 
accomplished by concentration data alone11,13.

Nonetheless, diffusive degassing may be the quantitatively predominant process of geogenic CO2 losses to 
the atmosphere2. While contributions and their dynamics have been extensively studied near volcanos and in 
geothermal regions8,14–18, short-term temporal and spatial dynamics of geogenic CO2-releases to the atmosphere 
have likely been underestimated12, especially from regions without geothermal heat flow. Similar uncertainties 
exist for natural geogenic CO2 emissions from mining environments. Nonetheless, improved inventories of those 
contributions at locations where biotic components are absent or negligible may help to constrain local geogenic 
CO2 contributions to the aboveground carbon cycle. For this purpose, complex statistical approaches have been 
applied to distinguish geogenic from biogenic sources19–21. Here, we exploited the rare opportunity to access a 
mine, where geogenic CO2 release can be observed directly in several hundred meters depths.

In some specific salt mines, magmatic activity and related CO2 may be trapped in salt deposits, from where 
it can be remobilized by the intrusion of meteoric water along geological faults22 or during mining work. Thus, 
CO2 efflux from geological sources is considered a difficult-to-predict threat to mining operations23. Such abrupt 
releases of CO2 can easily be attributed to geological sources. However, fluctuations of diffusive CO2 influx into 
mines are subtler. Therefore, they often remain indistinguishable from daily operational fluctuations (caused by 
machinery and mine venting) when only considering concentrations and discrete samples. Due to significantly 
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different proportions of the two stable isotopes 13C and 12C in CO2 from geogenic and combustion-related 
sources, this ambiguity can be overcome by stable isotope measurements and the application of isotope mixing 
models17,24.

Here we present a study of underground CO2 emissions of a salt mine situated in the Werra-Fulda-mining 
district (Germany). The potash-bearing salt-deposits of this area are of Upper Permian (Zechstein) origin. During 
the Oligocene and Miocene, they were influenced by basic magmatism in the Rhön and Vogelsberg25,26. Through 
cooperation with a local mining company, we obtained access to an active mine, where we aimed:

(1)	 To estimate relative flux contributions to the overall CO2 present in the mine, and
(2)	 To identify if diffusive geogenic CO2 efflux is continuous or shows considerable temporal variabilities.

This was achieved by running a mid-infrared laser isotope spectrometer for several weeks inside the mine 
at a site where geogenic CO2 emissions were suspected due to historical incidents of outgassing, but exact con-
tributions were unknown. This offered an ideal background for mass balance calculations to determine relative 
proportions of these inputs.

Results
Temporal fluctuations.  Total CO2 concentrations (CT) ranged between 739 and 1560 parts per million 
with respect to volume fraction (ppmV), with an average of 1102 ppmV, and exhibited strong weekly dynamics 
(Fig. 1). Days with the highest mean concentrations were Thursdays and Wednesdays. In contrast, Fridays, Tues-
days, Saturdays, Sundays, and Mondays were significantly different from each other and decreased in the above 
order as indicated by a highly significant ANOVA (F(6, 8275) = 1002, p < 0.001) using Tukey’s HSD (p < 0.001) 
on heteroskedastic and normal distributed residuals.

These weekly patterns were also confirmed by a highly significant autocorrelation with a 7-day lag (ac = 0.366). 
A classical additive decomposition approach27, applying a symmetrical moving average, was used to differenti-
ate regular weekly, overall trend, and random effects. The regular weekly pattern accounted for 2/3 (67%) of the 
total observed variation according to a partial linear regression model. Daily variations of the total observed 
concentration averaged at 223 ± 107 ppmV and ranged between 67 and 591 ppmV.

Throughout the measurement period, the δ13C-CO2 values fluctuated between − 21.0 and − 11.7‰, with an 
overall median of − 18.9‰. The δ13C-CO2 is inversely proportional to the measured CO2 concentration (Fig. 2). 
This trend is also confirmed by a highly significant linear regression model (R2 = 0.80, p < 0.001).

Mass balance calculations and the apportionment of CO2 contributions.  Concentrations of geo-
genic CO2 were determined based on a mass balance calculation that assumes a mixture between three end-
members. These are (1) fresh air, (2) CO2 from combustion, and (3) geogenic CO2, with average isotope ratios 
of − 8.9‰, − 30.8‰, and − 6.0‰, respectively. While the end-member for fresh air was obtained from the 
literature28, the value for combustion was determined from a Keeling plot29. Briefly, the Keeling plot technique 
uses the linear regression of the isotope composition against the inverse of its concentration to approximate 
the isotope value for a theoretical infinite concentration at the intercept30. With this technique, an intercept 
of − 30.8 ± 0.05‰ was determined for δ13C-CO2 (Fig. 3) that is well within the range of direct measurements 

Figure 1.   Box and whisker plot of CO2-concentrations. Individual measurements (8283) are plotted to show 
variability. The color scheme corresponds to the date of the measurement, with darker colors showing later 
sampling.
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of exhaust from machinery used within the mine. These lay between − 31.3 and − 28.8‰ with an average of 
− 29.8 ± 0.8‰; based on five different cars, four different models, and five replicates each.

The isotopic composition of geogenic CO2 was characterized by discrete measurements at a location in the 
mine, where high concentrations (99%) of geogenic CO2 are stripped from a cavernous structure (i.e., fault-zone). 
These high concentrations and it’s similarity to published isotopic values of geogenic CO2 support the choice as 
end-member in this study1,31,32.

An isotopic balance equation

where CT represents the total concentration of CO2 while C with the subscripts G, F, and C represent the relative 
contributions of geogenic, fresh air, and combustion-related sources. CT was measured, CF was assumed to be 
400 ppmV, thereby reducing a three-endmember mixing model to a two-member mixing model.

By assuming that

we were able to replace CC in Eq. (1) by substitution. This led to the following mass-balance equation:

(1)δ13CT × CT = δ13CF × CF + δ13CC × CC + δ13CG × CG

(2)CT = CG + CF ,+CC ,
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Figure 2.   The δ13C-CO2 isotope composition and concentration over the measurement period. Strong regular 
temporal variations linked to a 7-day time lag are evident.
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Figure 3.   Keeling plot with linear regression indicating an intercept of − 30.8 ± 0.05‰ as end-member for the 
combustion-related CO2-emissions.
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Therefore, if the total concentration is measured, the relative contributions of each source can be calculated. A 
classical error propagation33,34 was employed to obtain the level of uncertainty for the mixing-model-derived 
geogenic CO2 contribution. A conservative estimate of the uncertainty (Table 1) was chosen for all components 
except the measured total CO2, which was derived from performance tests done in the lab.

By application of Eq. (3), combustion was determined to add between 128 to 854 ppmV CO2. Thus, contrib-
uting between 17 and 57% of the CO2 present throughout the long-term measurement. The mean contribution 
of this end-member was 45%.

Geogenic CO2 dynamics.  Interestingly, the mean contribution of geogenic CO2 was generally lower, with 
an average 18% contribution of the total present CO2 and a smaller spread ranging between 11 and 32% contri-
bution. Thus, with an average contribution of 194 ppmV, smaller but noticeable variations that ranged between 
137 and 324 ppmV over the entire measurement period were observed. Noticeable increases in the geogenic 
contribution coincide with substantial decreases in the total CO2 concentration present. (Fig. 4). These increases 
in geogenic CO2 do not seem to be instantaneous and do not follow a simple linear correlation to the overall 
concentration. Nevertheless, 28% of the variation within the geogenic CO2-contributions can be explained by a 
highly significant negative correlation to the difference between the daily and weekly moving average of the total 
CO2-concentration (ranged major axis, R2 = 0.283, p < 0.01, [CO2]geo = − 0.180 * ΔCO2 + 185.5). This means that 
geogenic CO2 contributions increased when overall CO2 concentrations were lowered over an extended period.

Variance partitioning via partial regression of the total CO2 variability suggests that the most substantial part 
of the variance (i.e., 92%) is related to combustion. Of the remaining 8% variation ascribed to geogenic CO2 
fluctuations, approximately 5% are attributed to an interactive term. This indicates that most of the variation 
observed in geogenic concentration was related to changes in the combustion-related CO2.

Discussion
Repeating weekly patterns are visually recognizable and were confirmed by autocorrelation with a 7-day lag. They 
represent two-thirds of the variation within the time series. These patterns result from internal mine-traffic and 
stationary combustion-related mine-operations that also follow a weekly pattern with work and weekend-shifts.

(3)CG =
(

δ13CT × CT − δ13CF × CF − δ13CC × CT + δ13CC × CF

)

/
(

δ13CG − δ13CC

)

Table 1.   Values and uncertainties of end-members used in the mixing model. *Vienna Pee-Dee Belemnite is 
an internationally recognized carbon isotope standard that is described in the “Methods” section.

Source of CO2 Concentration / ppmV δ13C / ‰ vs VPDB*

Atmosphere 400 ± 10 − 8.9 ± 0.2

Geology Calculated − 6 ± 1

Combustion Calculated − 30.8 ± 1.0

Total CO2 Measured ± 10 Measured ± 0.2
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Figure 4.   Concentrations and composition of CO2 according to the mixing model. Tick marks on x-axis 
indicate Mondays. The range of uncertainty was obtained via error propagation from all the sources (Table 1).
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Carbon released from fossil fuels via combustion is ultimately of photosynthetic origin. Thus, resulting 
δ13C values are similar to values typically found for C3-plants and range between − 38 and − 24‰30,35. Recently 
published values for gasoline δ13CCO2 exhaust range around − 28.7‰36. Due to its integrative nature of all the 
machinery used in the mine, we consider the value determined via the Keeling plot technique (− 30.8 ± 0.05‰) 
being most robust; it also lays well within the expected range from literature and own discrete measurements.

Geogenic CO2 is characterized by δ13C values ranging between − 7 and + 2‰1,31,32. Thus, it significantly dif-
fers from fossil fuel isotopic compositions. The contact with water accessing into the geological faults may have 
led to isotopic exchange processes with especially the oxygen atoms of the encountered CO2, why, in this study, 
we focus on carbon isotopes. A repeated solution-degassing cycle might alter the isotopic C signal through 
fractionation37–39. We have no means to investigate this further due to lacking information on the constituent 
geological features. In this study, we had access to the source signal, which was determined at the outflow of the 
geological fault with a value of − 6‰ and a CO2 concentration of 99 vol%.

The isotopic value of 13C–CO2 in the atmosphere has decreased considerably within the past 200 years due 
to an increasing proportion of fossil-fuel-derived CO2 in the atmosphere and has decreased from preindustrial 
− 6.5‰ to values close to − 9‰28,40,41. For this study, we assume an isotope value of fresh air ranging around 
− 8.9‰ that was obtained by linear approximation from the literature28. For simplicity, we have assumed a 
constant 400 ppmV as the atmospheric CO2 baseline. In temperate climate regions, mean diurnal variations in 
rural areas tend to be below 20 ppmV42,43. Compared to the daily variations detected in the mine that ranged 
between 67 and 591 ppmV (average: 223 ppmV), the existing natural variabilities are negligible. However, in 
more populated areas, daily variations in CO2 may exceed 100 ppmV due to the combustion of fossil fuels above 
ground in cities44–47. In this respect, the mixing model (Eq. (3)) is not able to differentiate between external and 
internal traffic of the salt mine. Nonetheless, the ventilation air intake is placed in a predominantly rural area 
with little traffic. We can, therefore, assume the first scenario with negligible variations of the atmospheric input.

Contributions of a relatively stable geogenic CO2 influx are inversely correlated to changes in the total CO2 
concentration, as shown in Fig. 4 and corroborated using variance partitioning, indicating that roughly 63% 
of the variation in the geogenic proportion was linked to variations in the combustion-related CO2 emissions. 
Ranged major axis correlation indicates that the short term (daily) established CO2 concentrations in the mine 
are negatively correlated to the geogenic-derived CO2 proportions. Exact boundary conditions (i.e., surface 
area, total volume, fluctuations of air pressure, and the exchange rate of the passing gas) were not available for 
this study due to confidentiality agreements with the mine operator. Thus, it was neither possible to quantify 
the exact exchange rates, nor total amounts, nor fluxes of CO2 released over the entire mine. However, as the 
instrument was placed in direct vicinity of a continuous mine air extraction system with a known flow rate, it 
was possible to estimate an average contribution of 112 tons of geogenic CO2 per year (194 ppm × 600 m3 min−1) 
for the single location monitored.

Furthermore, our work shows that the migration of geogenic CO2 into the active salt-mine relates to estab-
lished concentration gradients, indicating that the presence of combustion CO2 attenuates the release of geologi-
cal CO2. This observation follows the well-established Fick’s law48 and is one of the first of such observations in 
a mine. Temperature-changes due to the absence of machine-induced heat during the weekend would influence 
the concentration gradient further based on general thermodynamic laws. A lower temperature would, thus, 
induce a higher diffusive transport from geogenic CO2 into the mine. However, the continuous ventilation should 
ensure fairly constant climatic conditions. In combination with the rather large size of the mine, this should 
reduce temperature-related effects on diffusion.

The dominance of combustion-related CO2 may have implications on ventilation efficiencies of below-ground 
mining operations, as described below. This study has identified lagged responses of machine-derived CO2 after 
its reduced emissions due to reduced mining operations over the weekends. A period of about one day preceded 
the first significant concentration decrease found on Saturdays. Similarly, Mondays, when work had already been 
taken up again, always exhibited the lowest overall concentrations. In part, this pattern finds its explanation in 
the 24-h interval applied as the standard day observation interval. However, this time lag also serves as a measure 
for the efficiency of the mine ventilation system. Therefore, the current measurements may be used as a proxy 
for the necessary exchange time needed to reduce unwanted gases by about two thirds.

The fact that the combustion end-member was most dominant and assumed a mean of 45% over the observa-
tion period also implies a low degree of geogenic input and a higher degree of safety at this location. This may 
be different at other locations where geogenic inputs are higher. While CO2 inputs by machinery might also be 
determined by fuel consumption in the mine, geogenic contributions demand more sophisticated techniques 
such as the ones presented above.

Note that while the relative composition of the three end-members was determined at one location and pro-
portions may vary significantly throughout the mine, the signal of geogenic CO2 integrates over the entire flow 
path from the fresh air influx to the extraction ventilation. To establish exact emission-rates through a defined 
area of the mine, a timed array of sampling-locations that resolves incremental increases along the flow of the 
mine aeration or measurements at in and outflow locations would have been necessary. While this would be an 
additional task for future investigations, this study at a single location lays the fundamentals for such follow-up 
studies and demonstrates the benefit of long-term isotope observations to quantify dynamic variabilities of total 
CO2 and its apportionment into different sources. In volcanic influenced areas, extensive monitoring has already 
proven beneficiary to estimate total carbon fluxes into the atmosphere8,49, and similar studies should be extended 
to areas where geogenic CO2 emissions are suspected. Mine venting systems provide an opportunity for these 
kinds of investigations when mine topology and ventilation parameters can be obtained.
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Conclusions
The presented high-resolution measurements, in combination with a long-term period, revealed so far unknown 
dynamics and interactions within the atmosphere of an active salt mine. Variations of the total CO2 coincided 
with the weekly operation of the mine. Mass balance calculations, based on isotopically distinct end-members, 
show that the use of machinery represents the largest and most variable contribution to the overall ambient 
CO2 concentrations. Our data suggest that changes in resultant concentration gradients were predominantly 
responsible for variations in geogenic CO2 contributions.

The applied technique may help outline variations that may be operational, such as shown here, or depend 
on diurnal or seasonal factors. Importantly, it can also transfer to other environments in which CO2 dynamics 
play a crucial role—including soils, caves, or industrial applications.

Materials and methods
Location.  The geology of the salt deposit at a depth of 600 m below ground is characterized by late Per-
mian Paleozoic evaporitic sediments of the Zechstein-group50. Highly carbonated, gas-bearing saline waters 
were encountered by mining operations at a geological fault-zone in the late 1950s. Analyses of the gas-phase 
within this study indicate a CO2-dominated composition (99% vol) determined by means of a quadrupole mass 
spectrometer (OmniStar, Pfeiffer Vacuum, Germany).

A site approximately 1 km east of this fault, where contributions of geogenic CO2 were observed in the past, 
was chosen for long-term measurements from Tuesday, September 24, to Monday, October 28, 2019. The loca-
tion was situated in a dead-end tunnel, about 3 km away from the mine’s entrance shaft, and well vented via a 
continuous used-gas-extraction-ventilation system (600 m3 min−1) in close proximity (5 m) of the instrument’s 
sample intake.

Instrumentation.  An isotope ratio mid-infrared laser spectrometer (Delta Ray, Thermo Scientific, Bremen, 
Germany) was used to measure CO2 concentrations and its stable isotope ratios of 13C/12C. The instrument is 
also capable of measuring 18O/16O ratios of CO2; however, for the sake of focus and various exchange processes 
that may influence its oxygen isotopes (including interactions with water), this manuscript only discusses the 
carbon data.

For isotope determinations, mine air was pumped into the laser cavity of the spectrometer at a continuous 
flow rate of 80 mL per minute via a steel capillary (I.D. 0.16 mm) of about 10 m length that was placed directly 
at the wall of the mine in approximately 160 cm height. The instrument was set to continuous measurement 
mode that yielded measurements every second. Concentration measurements of CO2 relied on the instrument’s 
internal calibrations verified with a 1000-ppmV standard in a synthetic air mixture (Air Liquide Deutschland, 
Düsseldorf, Germany).

Internal corrections for concentration-related shifts and delta-scale contraction were applied according to 
the manufacturer’s recommendations. To ensure measurement-stability, the instrument was calibrated against 
a working standard with a known isotope value of δ13C–CO2 = − 34.3‰ for 5 min every hour. Setup of the refer-
ence gas containers, valves, and calibration procedures are described in the instrument’s handbook. The work-
ing standard’s isotopic value was beforehand established by means of dual-inlet-IRMS measurements (Delta V 
plus, Thermo Fisher Scientific, Bremen, Germany) against an internationally certified standard (RM8563, NIST, 
Gaithersburg, MD, USA). The first two minutes of each standard working cycle were discarded in order to flush 
the system. Subsequently, the raw measurements were recorded every second and averaged over three-minute 
intervals to provide a single value of the working standard for calibration. When switching back to the measure-
ment of ambient CO2, the first 2 min were also discarded, again as a system flush.

Isotope notation.  All 13C/12C ratios are reported using the δ-notation against the internationally recog-
nized ratio of Vienna Pee-Dee Belemnite (VPDB) and expressed in permille (‰)51,52:

where R represents the ratio of the heavier to the most abundant stable isotope of the corresponding element 
(e.g., R = 13C/12C), with 13RVPDB = 0.011180253, as recorded in the Delta Ray software (Qtegra, version 2.5.2198.57, 
Thermo Fisher Scientific, Bremen, Germany).

Statistical analysis.  All statistical analyses were performed with the statistical program R54. Analysis of 
variance (ANOVA) is one of the most commonly used statistical techniques to test the significance of differences 
between means of independent classes55. It can be viewed as an extension of a two-sample t-test and is based on 
the partitioning of the total sum of squared errors (variance) into the relevant classes. Thus, ANOVA requires 
normal distribution and non-significant differences between the variance for each class (homoscedasticity). So-
called post hoc tests are necessary to establish the exact order and the significance level between the different 
classes after an established significant ANOVA. Tukey’s honest significant difference (HSD) was applied, where 
necessary56.

Time series were decomposed into seasonal, random, and trend components by using a classical additive 
decomposition approach27 implemented in the ‘stats’ package 3.2.6. of R54. Seasonal time intervals were visually 
identified and verified by computation of estimates of the autocorrelation function (i.e., a linearly related but 
lagged response variable) as defined in Venables and Ripley57 and implemented in the ‘stats’ package 3.2.6. of 
R54. To partition the concentration variation observed, a partial linear regression model approach, as described 
in Borcard, et al.58 and implemented in vegan package 2.5–659, was used.

δ13C =
(

Rsample/Rstandard − 1
)
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Data availability
Data is freely available on the Pangea server (www.panga​ea.de) and cited in the references60.
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