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Abstract. In order to better understand both the fixation and
migration of gases in evaporites, investigations were per-
formed in five horizontal boreholes drilled in an underground
potash seam. One of the five boreholes was pressurised with
Ar and the pressure signal and chemical gas composition
were then monitored in the other holes. A further gas sam-
ple from a separate borehole was characterised for the chem-
ical composition and for noble gas and carbon isotopic com-
positions to conclude on the origin and evolution of the gas
in the salt rocks. Additionally, in order to determine the to-
tal gas amount in the salt rocks, a potash-bearing salt sam-
ple was dissolved in water and from the mass of 1 kg salt
sample, 9 cm3

(STP) gas was liberated. Due to the relatively
large permeability of the disturbed salt rocks (4× 10−17 to
4×10−18 m2), which is about 3–4 orders of magnitude higher
than in undisturbed salt rocks, we assume that the migration
of injected Ar most likely takes place along micro-cracks
produced during the mining process. The geogenic gas con-
centrations found in the observation holes correlate directly
to the Ar concentration, suggesting that they were stripped
from the rocks in between the holes. According to the He-
isotopes (0.092 Ra), a small contribution of mantle gas can
be found in the geogenic salt gas. The δ13CCO2 -isotopic com-
position (−7.8 ‰ to 6.7 ‰) indicates a magmatic source,
whereas 13C/12C of CH4 (−22.2 ‰ to −21.3 ‰) is typical
for a thermogenic gas. We assume that CO2 and CH4 are re-
lated to volcanic activity, where they isotopically equilibrated
at temperatures of 513 to 519 ◦C about 15–16 Ma ago.

1 Introduction

Salt deposits contain liquids and gases of varying composi-
tion and concentration. The gases present in salts are mainly
mixtures of different components with regionally differing
compositions and quantities. In the North-German Basin,
gases consist mainly of hydrocarbons and N2 with lower
concentrations of CO2, whereas in the Werra-Fulda deposits
CO2 is the dominant gas (Müller, 1958). Here, the CO2
originates from the Oligocene and Miocene basaltic volcan-
ism, where large amounts of hot CO2-bearing fluids reached
the Zechstein evaporites (Knipping, 1989). In the Werra-
Fulda deposits, over 90 % of these gases are bound at the
grain boundaries along inter-crystalline fissures and frac-
tures as free gas (Hofrichter, 1976). Sometimes pressurized
gases are entrapped in cavernous structures, comprising up
to 10 000 m3 (Junghans, 1955). During the mining process,
these caverns can explosively liberate gas which is a sig-
nificant threat for miners. Therefore, the encountered gases
bound in the evaporites must be monitored carefully. In this
article we present results of gas measurements performed in
an underground mine of the Werra-Fulda potassium area in
Germany. The aim of the study is to better understand the
fixation and the migration of gases in evaporites and to make
statements on the amount, the origin and the evolution of gas
in salt beds of a potash mine.

2 Geological context

In eastern Hesse and western Thuringia, Germany hosts sig-
nificant potassium-bearing salt deposits industrially exca-
vated in the Werra-Fulda mining district. The salt belongs
to the upper Permian (Zechstein) and was deposited around
258–252.5 Ma ago. In the Werra-Fulda mining district, the
halite rocks (Werra-Rocksalt, z1NA) have a thickness of up
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to 300 m and contain two minable potash seams, potash Seam
Thüringen (z1KTh) and potash Seam Hessen (z1KHe), with
an average thickness between 2 and 3 m. In the vicinity of
the potash deposits, magmatic rocks of the Vogelsberg and
Rhön area are found. Magmatic activity in the Vogelsberg
region occurred between ca. 18 and 15.5 Ma (Nesbor, 2018),
whereas published age data of the Rhön area show a wider
spread between late Oligocene and Miocene ages (Abratis
et al., 2007; Knipping, 1989). The occurrence of basaltic
dykes within the salt deposit is known since the beginning
of mining activities (Dietz, 1928). The dykes dominantly
trend in a north-south direction with near vertical inclina-
tion (Knipping, 1989). Associated with the volcanic activity,
CO2-accumulations can be trapped leading to the formation
of gas-bearing salt rocks.

3 Methods and sampling locations

For determination of the gas composition in salt, different
methods were used both in the laboratory and in the field.

In the laboratory, the total gas amount in potassium-
bearing salt (hardsalt) was determined by dissolving a sam-
ple taken from Seam Hessen in demineralized water. About
150 g of the salt sample were placed in a degassing vessel
set in an ultrasonic bath. The degassing container was filled
with 800 mL of degassed water to dissolve the salt. To reach
complete gas liberation, the ultrasonic treatment was started.
Due to the ultrasonic agitation, the gas accumulated quanti-
tatively in the head space. The pressure increase in the head
space was monitored continuously and the volume of the
head space was determined at the end of the dissolution pro-
cess.

The migration behavior of gas in the evaporites was stud-
ied in situ in five horizontal boreholes drilled in Seam Hessen
(Fig. 1). The test site was located in a salt pillar (20m×20m),
excavated in the common room-and-pillar mining method
by drilling and blasting. The holes (Ø 49 mm, depth 2 m)
were drilled in a dry drilling procedure. The deepest 50 cm
of the holes were closed with a mechanical packer system
(Fa. Comdrill). These isolated borehole sections were con-
nected to 6 mm stainless steel tubing fed through the packers
and closed with needle valves (FITOK GmbH). The distance
between the boreholes ranges between 0.25 and 2.7 m. At the
beginning of a sampling campaign, all boreholes were evac-
uated to about 3 kPa using a vacuum pump (N813.4 ANE,
KNF Neuberger GmbH). Borehole D4 was then immediately
filled with pure Ar to a pressure of 0.2 MPa. After about 4
weeks, the borehole gases were collected in gas bags with the
vacuum pump and the holes were evacuated again to about
3 kPa. This procedure was repeated 6 times, approximately
every 4 weeks. For the complete time period the pressure
course in all boreholes was monitored continuously.

A further gas sample was collected from a separate bore-
hole (bh-1) before the Ar injection was started. First, the

Figure 1. Plane view of the boreholes D1 to D5 in Seam Hessen
(z1KHe) with average Ar concentrations and distance to the injec-
tion hole as well as the isolated pristine borehole bh-1 (dimensions
are not in true scale).

packered section of bh-1 was evacuated with a vacuum pump
and a gas sample was collected four weeks later, which po-
tentially allowed gas migration from the salt pillar to the
borehole. This gas sample, which was not influenced by the
Ar injection, was analysed for its chemical, noble gas and
carbon isotopic composition.

The chemical composition of the gas sample was analysed
using an Omnistar (Pfeiffer Vacuum) quadrupole mass spec-
trometer with closed ion source and a mass range of 1–100
atomic mass units. Additionally, a fraction of the same sam-
ple was analysed with a gas chromatograph (SRI 8600 C)
equipped with a mol-sieve column and a HI-detector as well
as a silica gel column with a TC-detector. Calibration was
performed with certified test gases, the relative standard de-
viation of the gas components Ar, He, CO2, CH4 and H2 was
10 %.

Appropriate sample splits were analysed for noble gas
concentrations and isotopic compositions with a VG 5400
noble gas mass spectrometer after removing the active gas
components in a preparation line for gas purification.

Carbon isotope composition of CH4 and CO2 were anal-
ysed by GC-IRMS, consisting of a gas chromatograph (GC
6890N, Agilent Technology) connected to a GC-C/TC III
combustion device coupled via open split to a MAT 253 mass
spectrometer (Thermo Fisher). The δ13C values were re-
ported in ‰ vs. VPDB with a standard deviation of ±0.5 ‰.

4 Results and discussion

4.1 Total gas amount in Seam Hessen

The total volume of liberated gas at standard temperature and
pressure (Vgas (STP)) from the salt sample of Seam Hessen
was calculated using Eq. (1), based on the volume of the
head space (Vheadspace), the temperature in Kelvin (T ), and
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Figure 2. Pressure over time in the boreholes D1 to D5 of the test
pillar.

the measured pressure increase (1P ) in the reaction-vessel:

Vgas (STP) =
Vheadspace×1P

101.3
×

273.15
T

[
cm3 kPa

kPa
K
K

]
(1)

From the mass of 1 kg salt sample, 9 cm3
(STP) of gas was

liberated. This value is in the range of values given for hard
salt and carnallite with 10 cm3

STP and 5 cm3
STP respectively,

from the southern Harz and the Unstrut-Saale area (Her-
rmann, 1988).

4.2 Gas permeability at the test site in Seam Hessen

Figure 2 displays the pressure trend over time for boreholes
D1 to D5. Borehole D4 in the pillar was pressurized with Ar
whereas the other boreholes were evacuated using a vacuum
pump. A pressure loss in D4 and a pressure increase in the
other holes can be observed. The increase in D5, at a distance
of only 0.25 m to D4, is the strongest, whereas the pressure
increase in D1 at a distance of 2.7 m is the slowest.

Using the pressure readings, the geometric conditions of
the boreholes and the dynamic viscosity of Ar, the perme-
ability of the salt rocks between the holes was calculated with
the integrated form of Darcy’s law for compressible fluids ac-
cording to Eq. (2) (Müller-Lyda, 1999):

k =
2×Q× η× l×P0

F × (P 2
1 −P

2
2 )

(2)

where k = permeability (m2), P1 = pressure in the injection
hole D4 (Pa), Q = fluid flow (m3 s−1), P2 = pressure in the
observation holes (Pa), η = dynamic viscosity of argon (21×
10−6 Pa s) P0 = pressure where Q was measured (Pa), F =

Table 1. Chemical composition of borehole gas D1, D2, D3, D5 as
well as of bh-1.

gas D1 D2 D3 D5 bh-1

N2 vol. % 77.3 74.7 71.1 66.9 66.7
O2 vol. % 20.7 20.0 19.1 18.0 17.9
CH4 vol. % <0.0005 0.0095 0.012 0.022 1.19
CO2 vol. % 0.1045 0.3515 0.6985 1.32 11.8
H2 vol. % 0.0004 0.0013 0.0017 0.033 1.2
He vol. % 0.0004 0.0005 0.0005 0.0006 0.02
Ar vol. % 0.9515 3.96 8.27 12.9 0.8

cross section area (m2) l = distance between the bore holes
(m).

The calculated permeability varies between 4× 10−17 m2

(between D4 and D5) and 4× 10−18 m2 (between D4 and
D1). Natural undisturbed salt formations show permeabilities
in the range of 10−21 m2 or lower (Miehe et al., 1993; Stor-
mont, 1997). However, during the generation of subsurface
cavities (boreholes, galleries, shafts), so-called relaxation ar-
eas with reduced mechanical stability and higher permeabil-
ity by several orders of magnitudes are formed. The relax-
ation dimension includes about 2–3 m around the cavities
(Miehe et al., 1993; Wieczorek and Zimmer, 1998). At the
test site, it is likely that the rocks of the pillar are disturbed
by the excavation and the drilling. This assumption is based
on the observed rather large permeability of the pillar rocks,
which is about 3–4 orders of magnitude higher than in undis-
turbed salt rocks. This leads to the conclusion that the migra-
tion of Ar gas most likely takes place along the micro-cracks
that were produced during the mining process.

4.3 Chemical and isotopic composition of borehole gas

Table 1 shows the average chemical gas composition after six
evacuation cycles of the sampling in boreholes D1, D2, D3
and D5. The gas sample of the isolated borehole bh-1 was
taken before starting the Ar injection.

In addition to the injected Ar, O2 was present in all sam-
ples, ranging between 17.9 vol. % and 20.7 vol. %. Such high
amounts of free molecular oxygen are unlikely to be found in
salt rocks. Furthermore, the O2/N2 ratio corresponds to the
air ratio and, therefore, we consider oxygen and nitrogen to
be contaminants derived from the mine atmosphere.

The high Ar concentrations in the observation holes D1,
D2, D3 and D5 result from the injection of Ar into hole D4.
The Ar concentration in the boreholes is linearly correlated
with the distance to the injection hole. D1, at a distance of
2.7 m to the injection hole shows the lowest Ar concentration
with 9515 ppmv, whereas the Ar concentration in D5 at a
distance of 0.25 m is the highest with 12.9 vol. %.

Compared to their concentrations in the atmosphere, rel-
atively high amounts of CO2 and CH4 as well as H2 were
found in the borehole gas phase (Table 1), which are likely
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Figure 3. Average Ar-carrier gas concentration versus stripped ge-
ogenic gases in the boreholes D1, D2, D3 and D5.

to be of geogenic origin. In the D1 to D5 holes the concen-
tration of CO2 ranges from 1045 ppmv to 1.32 vol. %, that
of CH4 from 5 to 220 ppmv, that of H2 from 4 to 330 ppmv
and that of He from 4 to 6 ppmv. Generally, the lowest con-
centrations of these gases were found in D1 with the low-
est Ar-carrier gas concentration and the highest in D5 with
the highest Ar-carrier gas concentration. The geogenic CO2,
CH4, H2 and He concentrations correlate directly to the Ar
concentration in the borehole and suggest that argon strips
geogenic gas that was already present in the rocks between
the holes (Fig. 3).

The Ar concentration is about 10-times the geogenic gas
concentration, meaning that one mole of Ar carrier gas
stripped 0.1 mol of geogenic gas from the rocks. The volu-
metric ratios of all geogenic gases are relatively constant in
all boreholes, pointing to a single source of these gases. The
range of the air contamination-corrected and carrier gas free-
calculated geogenic gas composition in the holes is:

CO2 = 96.0–99.2 vol. %,

CH4 = 0.0005–2.6 vol. %,

H2 = 0.17–2.4 vol. %,

He = 0.07–0.44 vol. %,

A gas sample from bh-1, taken before the Ar injection,
was used to perform noble gas and carbon isotope analyses.
The composition of the gas phase is similar to that of the
argon-stripped geogenic gases, dominated by CO2 with mi-
nor amounts of CH4, H2, He and Ar (Table 1).

The noble gas isotopes and the δ13C of CO2 and CH4 are
shown in Table 2. 20Ne/22Ne and 21Ne/22Ne ratios are indis-
tinguishable from air within the analytical uncertainties. The

Figure 4. Genetic diagram CO2/
3He versus δ13CCO2 (modified af-

ter Sano and Marty, 1995) for the borehole gas bh-1.

40Ar/36Ar ratio (326.6) found in the bh-1 pristine gas sam-
ple indicates a 40Ar excess as compared to the ratio for air
(298.56, Lee et al., 2006). 40Ar is mainly produced by elec-
tron capture decay of 40K in the crust (e.g. Ozima and Po-
dosek, 2002). The 3He/4He ratio is reported in Ra units, with
Ra being the He isotopic ratio in the atmosphere and equal
to 1.39× 10−6 (Ozima and Podosek, 2002). The measured
value of 0.194 Ra of the sample was corrected for atmo-
spheric contamination based on the 4He/20Ne ratio accord-
ing to Sano and Wakita (1985). The air-corrected 3He/4He
ratio is 0.092 Ra (Table 2) and indicates a small 3He ex-
cess compared to the Earth‘s crust (∼ 0.02 Ra) and, thus,
a small contribution of a mantle component. Pure mantle-
derived gases are characterized by 3He/4He ratios of ∼ 6–
8 Ra (Ozima and Podosek, 2002).

The δ13CCO2 values of bh-1 and the Ar-stripped gas in D5
are −7.8 ‰ and −6.7 ‰, respectively. For comparison, the
δ13CCO2 of air is −8.9 ‰ (Graven et al., 2017), that of fossil
fuel combustion varies between −38 ‰ to −24 ‰ (Pataki et
al., 2003) and mantle CO2 has δ13C between −4 and −8 ‰
(Kyser, 1986). The CO2 isotopic composition of the potash
mine gas matches with gases of a mantle source probably
mixed with isotopically lighter e.g. organic or air compo-
nents. This finding is supported by the genetic 3He-CO2 dia-
gram, where the gas is indicated as a mixture of a mantle and
some lighter components (Fig. 4). The mantle component can
be provided by the Paleogene and Neogene Vogelsberg and
the Rhön volcanism.

The generation of methane requires the involvement of or-
ganic matter, which is decomposed either by microbes or due
to a temperature rise during the basin subsidence and/or lo-
cally by volcanic activity. The total carbon concentration in
salt of the Zechstein in middle and northern Germany is in
the range of 0.01 % (Herrmann, 1988).

The δ13C of methane is−22.2 ‰ and−21.3 ‰ in samples
bh-1 and D5, respectively. These relatively heavy isotopic
compositions are typical values for thermogenic methane
(Giggenbach, 1995; Whiticar, 1999). In the Werra forma-
tion (z1), hydrocarbons are often found in connection with
basaltic dikes, fissures and CO2 (Herrmann, 1988). Under
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Table 2. Noble gas isotope ratios and δ13C of CO2 and CH4 of bh-1 pristine geogenic gas as well as the carbon isotope ratios determined in
the Ar-stripped gas of D5 from the salt-pillar. Error limits are 2σ .

Isotope bh-1, pristine gas Ar-stripped gas

δ13C(CO2) ‰ VPDB −7.8± 0.1 −6.7± 0.1
δ13C(CH4) ‰ VPDB −22.2± 0.5 −21.3± 0.5
3He/4He Ra (air-corrected) 0.092± 0.021
21Ne/22Ne 0.02901± 0.00030
20Ne/22Ne 9.7995± 0.0097
40Ar/36Ar 326.6± 1.5
40He/20Ne 2.83± 0.2

the assumption of the isotopic equilibration of carbon, the
CO2 and CH4 isotopes reveal equilibration temperatures of
519 ◦C and 513 ◦C (Horita, 2001) for the bh-1 and D5 sam-
ple, respectively.

Methane may have been mobilised from organic material
(lignite, organic carbon in the salt or clay layers) by the high
temperatures in the vicinity of the basaltic dikes and then
transported with the magmatic fluids (CO2) in the salt for-
mation.

4.4 Model residence time of the gas

Based on the concentration of the in situ-produced radiogenic
isotope 40Ar, accumulated in the bore gas phase, it is possi-
ble to estimate the residence time of gas in the rocks. The
production rate of 40Ar (P40Ar = cm3

STP g−1
rock a−1) is propor-

tional to the K-content in the rock. According to the decay
parameters, P40Ar is 3.885×10−14 [K], where [K] is the con-
centration of the mother nuclide K in % (Lippmann et al.,
2003). Thus, for a concentration of potassium in the Seam
Hessen of 10–11 wt. % (Struensee, 1987), the 40Ar produc-
tion should be∼ 3.9×10−13 to 4.3×10−13 cm3

STP g−1
rock a−1.

The measured 40Ar concentration in sample bh-1 was
0.8 vol. %. Based on the 40Ar/36Ar ratio, the excess con-
centration of 40Ar relative to air ratio is calculated to be
8.6 %, which corresponds to 0.067 vol. % in bh-1. We de-
termined the total gas amount in the potassium-bearing salt,
to be 9× 10−3 cm3

STP g−1
rock. The 40Ar excess is, therefore,

6× 10−6 cm3
STP g−1

rock, indicating a residence age of about
15–16 Ma. With all the uncertainties of this calculation, this
model residence time coincides with the end of the basaltic
volcanism in the area. It appears plausible that the CO2 and
CH4 gases in the salt rocks are related to the Neogene vol-
canic activity, where the CO2 originated directly from the
magmatic source and the CH4 was formed from organic
material in the vicinity of the basaltic dikes. The gas was
mobilised and transported into the evaporites of the Werra-
Formation (z1), where it was bound at the grain boundaries.

5 Conclusions

In this study, gases of the Seam Hessen (z1KHe) potash layer
from the Werra-Fulda basin were investigated. The aim was
to characterise the gas composition, to better understand how
the gases are trapped in the salt and to investigate their origin.

We conclude that the permeability of the salt rocks in the
testing area is significantly increased through disturbance by
the excavation process and that micro-cracks are produced
which dominate the gas flux in the rocks. The injected Ar
flows along these micro-cracks and strips geogenic gases
from the mineral boundaries. The liberated geogenic gas is
dominated by CO2, accompanied by minor amounts of CH4
and H2. The 3He/4He ratio indicates a small contribution of
mantle gas. The carbon isotopic composition of CO2 indi-
cates a magmatic source, whereas δ13C of CH4 is typical for
a thermogenic gas. The isotopic equilibration temperature of
CO2 and CH4 is 513–519 ◦C. Such a high temperature may
have occurred in the vicinity of basaltic dikes cutting through
the evaporites. It appears plausible that the CO2 and CH4
gases in the salt rocks are related to the Neogene volcanic
activity, where the CO2 originated directly from the mag-
matic source and the CH4 was formed from organic material
in the vicinity of the basaltic dikes and mobilized and trans-
ported in the evaporites, where it is bound and fixed at the
grain boundaries. Model residence time calculations of the
gas reveal ages between about 15 and 16 Ma, which are in
accordance with the end of the volcanic activity in the area.
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