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Abstract Fluid inclusions have been studied in minerals
infilling fissures (quartz, calcite, fluorite, anhydrite)
hosted by Carboniferous and Permian strata from wells
in the central and eastern part of the North German
Basin in order to decipher the fluid and gas migration
related to basin tectonics. The microthermometric data
and the results of laser Raman spectroscopy reveal
compelling evidence for multiple events of fluid migra-
tion. The fluid systems evolved from a H,O-NaCl+ KCl
type during early stage of basin subsidence to a H,O—
NaCl-CaCl, type during further burial. Locally, fluid
inclusions are enriched in K, Cs, Li, B, Rb and other
cations indicating intensive fluid—rock interaction of the
saline brines with Lower Permian volcanic rocks or
sediments. Fluid migration through Carboniferous sed-
iments was often accompanied by the migration of gases.
Aqueous fluid inclusions in quartz from fissures in
Carboniferous sedimentary rocks are commonly asso-
ciated with co-genetically trapped CH4—~CO, inclusions.
P-T conditions estimated, via isochore construction,
yield pressure conditions between 620 and 1,650 bar and
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temperatures between 170 and 300°C during fluid
entrapment. The migration of CH4-rich gases within the
Carboniferous rocks can be related to the main stage of
basin subsidence and stages of basin uplift. A different
situation is recorded in fluid inclusions in fissure min-
erals hosted by Permian sandstones and carbonates:
aqueous fluid inclusions in calcite, quartz, fluorite and
anhydrite are always H,O-NaCl-CaCl,-rich and show
homogenization temperatures between 120 and 180°C.
Co-genetically trapped gas inclusions are generally less
frequent. When present, they show variable N,—CH,
compositions but contain no CO,. P-T reconstructions
indicate low-pressure conditions during fluid entrap-
ment, always below 500 bar. The entrapment of N,—
CH, inclusions seems to be related to phases of tectonic
uplift during the Upper Cretaceous. A potential source
for nitrogen in the inclusions and reservoirs is Cqe-rich
Carboniferous shales with high nitrogen content.
Intensive interaction of brines with Carboniferous or
even older shales is proposed from fluid inclusion data
(enrichment in Li, Ba, Pb, Zn, Mg) and sulfur isotopic
compositions of abundant anhydrite from fissures. The
mainly light §**S values of the fissure anhydrites suggest
that sulfate is either derived through oxidation and re-
deposition of biogenic sulfur or through mixing of
SO4> -rich formation waters with variable amounts of
dissolved biogenic sulfide. An igneous source for nitro-
gen seems to be unlikely since these rocks have low total
nitrogen content and, furthermore, even extremely al-
tered volcanic rocks from the study area do not show a
decrease in total nitrogen content.

Introduction

Primary fluid inclusions hosted in diagenetically
formed minerals can record important information for
the reconstruction of the thermal history through time
within a sedimentary basin. As pointed out by Gold-
stein and Reynolds (1994), an important prerequisite



for a successful fluid inclusion study in sedimentary
terrains is the careful analysis of paragenetic relation-
ships of diagenetic minerals that formed at different
stages of subsidence or uplift during basinal history
and the petrography of fluid assemblages hosted
therein. Under the best circumstances, the sources of
fluids associated with oil and/or hydrocarbon migra-
tion can be traced by studies of the fluid inclusion
compositions (e.g. microthermometry, crush-leach bulk
analysis, laser ablation ICP-MS analysis, synchrotron
radiation induced X-ray fluorescence microanalysis,
laser Raman spectroscopy) and P-T—x conditions for
fluid inclusion entrapment can be reconstructed.
However, caution must be exercised because fluid
inclusions can undergo post-entrapment changes that
may lead to a large range in homogenization temper-
atures in the studied inclusions. Especially in highly
mature basins with multiple stages of burial and
inversion tectonics fluid inclusions in diagenetic min-
erals are often altered due to stretching, leakage, or
necking-down (Roedder 1984) and therefore, the
results of fluid inclusion microthermometry do not
always allow a conclusive interpretation. A discussion
on mechanisms for alteration of fluid inclusions
including heterogeneous entrapment, necking-down
after a phase change, thermal re-equilibration and
nucleation metastability is given in great detail by, for
example, Goldstein and Reynolds (1994) and Goldstein
(2001).

This study focuses on fluid inclusions that are trapped
in fissure minerals that precipitated due to fluid migra-
tion(s) in mature parts of the North German Basin
(NGB) where gas accumulations are commonly hosted
by Permian sandstones and/or carbonates. From the
crosscutting relationships of fissures hosted by Palaeo-
zoic sediments and evaporites and distinct mineral fill-
ings therein, there is compelling evidence for multiple
events of fluid migration related to basin tectonics. Our
study aims to characterize the chemical composition of
the migrating fluids and gases and to re-construct the P—
T conditions of entrapment. A further main aim is to
decipher the timing of migration of nitrogen-rich fluids
into reservoirs in the eastern parts of the NGB. The data
obtained are compared with previous results of fluid
inclusion studies in the Lower Saxony Basin (Reutel
et al. 1995).

Analytical procedure

The majority of the samples studied here originate from
wells drilled in the central part and at the southeastern
margin of the basin, the Altmark High, the Flechtingen—
Calvorde Block as well as from the rim of the Mid
German Crystalline High (Fig. 1).

Microthermometric measurements were conducted
using a Fluid Inc. USGS heating—freezing system
mounted on a BX50 Olympus microscope. The heating—
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freezing stage was calibrated with synthetic fluid inclu-
sions supplied by Synflinc.

Gas-bearing inclusions were analysed with a Rama-
nor U-1000 (Jobin-Yvon) or a Jobin-Yvon LabRam
Raman spectrometer. The exiting radiation used was a
514.5 nm Ar laser (Cohorent Innova 90-2) or 532 nm
Nd/Yag laser, respectively.

Chemical analyses of the fluid inclusions in quartz,
calcite and fluorite were carried out using the method
outlined in detail in Banks et al. (2000). Samples of
quartz, calcite and fluorite were crushed to approxi-
mately 1 mm and heated in 18.2 MQ water to almost
boiling, washed several times with similar quality water
and the procedure was repeated. Dry samples between
0.5 and 1 g were crushed to a fine powder in an agate
pestle and mortar, transferred to a sample container and
5-6 ml of 18.2 MQ water was added to re-dissolve the
dried salts. Prior to analysis, the samples were filtered
through a 0.2-pm nylon filter. Anions were determined
by Ion Chromatography and cations by Flame Emission
Spectrometry. For both methods of analysis the typical
precision was 5% RSD.

LA-ICP-MS analyses on individual fluid inclusions
in samples from selected wells were performed at the
ETH Ziirich. The system at ETH Ziirich consists of a
pulsed 193-nm ArF Excimer laser (Lambda Physik,
Germany) with an energy-homogenized (Microlas,
Germany) beam profile (Giinther et al. 1998) coupled
with an ELAN6100 ICP quadrupole mass spectrometer
(Perkin-Elmer, Canada). The laser system is charac-
terized by a laterally homogeneous energy distribution,
allowing depth-controlled ablation of material at a rate
of 0.1-0.2 pm/shot, depending on laser energy and
matrix chemistry. The resulting ablation craters are flat-
bottomed and slightly conical. The optical imaging
system design permits the use of different pit diameters
(8-100 pm) at constant energy density on the sample,
by adjusting an aperture in the laser-beam path.
Simultaneous observation of the ablation process on
the sample by a visual monitor and as real-time data
signals is essential for controlled ablation of fluid
inclusions. The sample was loaded along with the SRM
610 glass standard from NIST in a 1-cm® ablation cell
and put on the stage of a modified petrographic
microscope. Laser ablation aerosol was carried to the
ICP-MS by a mixed He-Ar carrier gas. Analyses were
performed in sequence, and each ablation was stored
individually as transient (i.e. time resolved) signal ac-
quired in peak-hopping mode. Two analyses on the
external standard at the beginning and the end of each
set, required for off-line data reduction, bracketed up to
16 analyses of unknowns. The certified glass standard
SRM 610 was used as an external standard to calibrate
analyte sensitivities, and bracketing standardization
provided a linear drift correction. The analytical setup
was tuned for optimum performance across the entire
mass range. [CP-MS run conditions were very similar
to those reported in Pettke et al. (2004). The analytical
setup and data reduction scheme for fluid inclusions
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Fig. 1 a Location of the investigated area within the Mid-European Basin (outline of the basin area and location of the gas fields after
Bandlowa 1998; the Northwest European Gas Atlas 1998; Hoth 1997). b Investigated regions of the North German Basin and locations of
selected key wells (Depth of the Pre-Permian according to Gerling et al. 1999, the Northwest European Gas Atlas 1998 and Hoth 1997)

used here is described in great detail in Heinrich et al.
(2003).

Sulfur isotopic analyses of sulfates were carried out
on H,S prepared by reaction at 350°C with Kiba solu-
tion. H,S is precipitated as CdS, converted to Ag,S and
oxidized with V,05 at 1,000°C to produce SO, that was
used for the mass spectrometer measurements. Sulfur
isotope ratios are reported as 5>* S relative to the Cafion
Diablo Troilite (CDT).

Samples of Rotliegend volcanic rocks were analysed
for fixed nitrogen content and nitrogen isotopic com-
position using 1 g of powdered rock samples that were
digested in 40% HF for 7 days at room temperature
using polypropylene bottles. After raising the pH by
adding 20% KOH, the solution was distilled using a
Kjeldahl apparatus and released ammonia was trapped
in 0.1 N H,SO4. The amount of fixed-nitrogen was
determined by titration. The N isotopic composition was



analysed on evaporated sulfates using an elemental
analyser NA1500 coupled with a ConFlow II to a
DELTAplus XL.

Results
Fluid inclusion petrography

Fissure mineralization hosted by Carboniferous shales,
sandstones and greywackes consist of quartz, carbonates
and, locally, anhydrite. At least two generations of
quartz can be distinguished by crosscutting relation-
ships, namely a milky quartz which is commonly asso-
ciated with chlorite (quartz I), and a younger clear
quartz (quartz II) that offsets fissures of quartz I. Lo-
cally, quartz I is overgrown by carbonates which are also

Fig. 2 Photomicrographs
showing fluid and gas inclusions
hosted in fissure minerals from
wells in the North German
Basin (NGB). (a) Cluster of
aqueous two-phase inclusions
and mono-phase CH4/CO, gas
inclusions in quartz hosted by
Carboniferous greywake
(Boizenburg). (b) Primary N,-
rich gas inclusions within
growth zones in quartz hosted
by a Permian vulcanite
(Biegenbriick). (¢) Quartz-
hosted N,-rich gas inclusions
and co-genetically trapped
aqueous two-phase inclusions
(Biegenbriick). (d) Aqueous N»-
bearing (vapour phase) fluid
inclusion with multiple
daughter minerals of salts in
calcite (Schwerin 1). (e)
Aqueous, N»-bearing fluid
inclusion with daughter
minerals of salts and hematite
(?) in calcite (Schwerin 1). (f)
Cluster of N,/CHy gas
inclusions in a octahedron
plane of fluorite adjacent to
older calcite (Uthmdden)
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offset or replaced by quartz II. Fissures filled with
anhydrite do not contain any other minerals and,
therefore, a paragenetic relationship to quartz or
quartz—carbonate fissures is unclear.

Aqueous fluid inclusions in quartz have irregular or
rounded shapes and sizes between 2 and 30 pm and,
commonly, are associated with co-genetically trapped
gaseous inclusions (Fig. 2a). Due to the high number of
inclusions in the studied samples, a clear classification,
i.e. primary versus secondary origin (Roedder 1984), is
often vague or even impossible. Gaseous inclusions have
always rounded elongated forms and are mostly larger in
size (20-70 um). In contrast, anhydrite and carbonates
hosted by Carboniferous sediments only contain aqueous
two-phase inclusions, >90% of which are of secondary
origin. Primary fluid inclusions hosted in these minerals
are typically orientated parallel to crystal planes. The size
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of primary fluid inclusions in the studied anhydrite and
carbonate samples seldom exceeds 20 um. The inclusions
often exhibit irregular or even negative crystal forms.

The occurrence of quartz fissures in the studied
sample material from Permian strata is restricted to
volcanic rocks. The formation of quartz and/or agate
nodules is most probably related to late magmatic fluid
migration (Schmidt Mumm and Wolfgramm 2004).
Fluid inclusions in quartz from nodules that probably
precipitated at a late magmatic stage show highly vari-
able liquid—vapour ratios probably due to variable for-
mation temperatures. Quartz in fissures and veins that
precipitated due to tectonically induced fluid migration
is often associated with carbonates, and less frequently
with fluorite and sulfides, in quarries in the Flechtingen-
Calvorde Block. Locally, hematite occurs along with
quartz or carbonates in fissures within the volcanic
rocks. Anhydrite was only observed as infilling fissures
within volcanic rocks in samples from wells that are
drilled in the central parts of the basin (Fig. 1). Fluid
inclusions, in the described fissure minerals, are mostly
two-phase and are variable in shape and size, i.e. from
some few microns up to 80 pm. Primary gaseous inclu-
sions hosted in quartz were only observed in samples
from 2 wells that were drilled in the basins centre and the
southern margin, respectively. They occur in clusters or
decorating growth zones and show rounded or irregular
forms and sizes up to 40 um (Fig. 2b, ¢). They are
associated with only a few co-genetically trapped two-
phase aqueous inclusions (Fig. 2c¢).

Fissures hosted by Rotliegend sediments are filled
with carbonates or anhydrite. Both minerals contain
numerous trails of secondary two-phase fluid inclusions.
Fluid inclusions that can be classified as primary in
origin are less frequent in the studied samples. When
present, they are orientated parallel to crystal planes.
Most of the primary inclusions are two-phase but locally
small cubic daughter minerals, most probably halite can
also be present in the inclusions. Calcite samples from
fissures hosted by Rotliegend sandstones directly above
the volcanic units of a well (S 1 in Fig. 1) in the central
part of the basin contain multiphase inclusions, i.e. they
consist of a liquid and a vapour phase and contain
several solid inclusions (salts) or even small hexahedral
hematite (?) crystals (Fig. 2d, e).

In the Flechtingen-Calvorde Block, some wells have
penetrated hydrothermal vein mineralization of up to
some 10 cm thickness. The vein fillings consist of
anhydrite — calcite — fluorite (£ chalcopyrite) —
and locally barite. With the exception of sulfates, the
mineral association calcite — fluorite (+ chalcopyrite)
resembles to those of calcite-fluorite veins which have
been mined in the Lower Harz Mountains (Liiders and
Moller 1992; Liiders et al. 1993; Stedingk et al. 1995).
Gaseous inclusions (not being present in fluorite samples
from the Harz Mountains) were only observed in some
fluorite samples (Fig. 2f). Anhydrite and calcite host
two-phase aqueous inclusions, whereas barite, the
youngest mineral in the veins hosts mono-phase aqueous

inclusions that show strong evidence for leakage and/or
necking-down (indicated by huge vapour bubbles).

Some of these veins penetrate into overlying Zech-
stein carbonates (Ca 2) as well and have similar mineral
assemblages (anhydrite — calcite — fluorite =*chal-
copyrite). The fluid inclusion inventory is the same as
described for vein minerals hosted by Rotliegend sedi-
ments. Similar to the veins in the underlying Rotliegend
sandstones, gaseous inclusions are only present in fluo-
rite that precipitated after anhydrite and calcite in the
veins. Fissures and karst fillings in Zechstein carbonates
consist of sparry calcite or locally anhydrite and host
numerous secondary two-phase inclusions. Scarce pri-
mary fluid inclusions in calcite and anhydrite are also
two-phase aqueous or may contain additionally halite
daughter crystals.

Microthermometry

Aqueous inclusions

With the exception of fluid inclusions in milky quartz I
from some fissures hosted by Pre-Permian sediments
that show eutectic melting temperatures (Te) between
—32 and —19°C, which are indicative for NaCl =+
MgCl, fluids, all other measured fluid inclusions are
characterized by low Te values ranging from —46°C
down to —81°C (Appendix, Table 4). The final ice
melting temperatures (Tm ice) in the latter inclusions lie
commonly below —20.8°C (Appendix, Table 4), i.e. the
eutectic of the system H,O-NaCl, and point to high
salinities and the presence of additional cations in the
trapped liquids. Coupled melting of ice and a salt hy-
drate can be observed in some of these high-salinity
inclusions, but often only metastable phase transitions
(i.e. non-appearance of the hydrate phase and coupled
lowering of the final ice melting temperatures) are visi-
ble.

The observed low-temperature phase transitions are
comparable to the experimental data of Davis et al.
(1990) and Spencer et al. (1990) and indicate NaCl and
CaCl, to be major components in the fluids. In the ter-
nary diagram (Fig. 3), fluid inclusions without halite
daughter minerals in fissure minerals hosted by Car-
boniferous and Permian rocks plot along the cotectic
line hydrohalite/halite, where most of the inclusions plot
into the stability field of halite. A reason for this shift to
higher salt concentrations may be the presence of addi-
tional cations in the trapped fluids. On the other hand,
this shift can be related to metastable melting behaviour
which is often observed in the system H,O-NaCl-CaCl,
(Spencer et al. 1990). Generally, coupled melting of
hydrohalite and ice in fluid inclusions hosted in fissure
minerals yield salinity of about 25-33 NaCl-CaCl,
equiv.wt.% (Fig. 3) and variable cation content of 4.9
18 NaCl equiv.wt.% and 7-28.4 CaCl, equiv.wt.%,
respectively. Fluid inclusions in fissure minerals hosted
by Zechstein evaporates tend to have a higher CaCl,



Fig. 3 H,0-NaCl-CaCl, ratios
of high-salinity fluid inclusions
in fissure minerals. (Key to
symbols: Carboniferous (black),
Rotliegend (grey), Zechstein
(white)
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content (17.9-28.4 CaCl, equiv.wt.%) when compared
with fluid inclusions in fissure minerals hosted by Rot-
liegend rocks (7-20 CaCl, equiv.wt.%). Probably, the
mineral-forming fluids originated directly from Zech-
stein units or have altered evaporites (i.e. anhydrite or
gypsum). Only individual inclusions hosted in samples
from the Altmark High have a higher salinity between
36-39 NaCl-CaCl, equiv.wt.% (Fig. 3). An exception to
the general trend of high salinity is recorded in fluid
inclusions in milky quartz (quartz I) from the Boizen-
burg well in the central part of the basin (Appendix,
Table 4). The Te values of these inclusions fall into a
narrow range between —22 and —20.5°C and point to a
predominantly H,O-NaCl composition of the fluids and
salinity between 9.8 and 16.5 NaCl equiv.wt.%.

The majority of the Te data (Appendix, Table 4)
which are below the stable eutectic (—54.4°C) of the pure
system H,O-NaCl-CaCl, are difficult to interpret.
Therefore, crush-leach bulk analysis and laser ablation
ICP-MS (LA-ICP-MS) analysis on individual fluid
inclusions in fissure minerals from selected wells have
been carried out in order to obtain information about
the chemistry of the trapped fluids. The results of the
crush-leach analysis and LA-ICP-MS analysis are sum-
marized in Table. 1, 2.

All investigated two-phase fluid inclusions homoge-
nize into the liquid phase. When present, melting of
halite daughter crystals mostly occurs prior to the

wt. % CaCl,

NacCl/CacCl,
ratio

homogenization of the vapour phase. Most homogeni-
zation temperatures (Th) range between 100 and 230°C
(Appendix, Table 4). The highest homogenization tem-
peratures were measured in fluid inclusions in chlorite-
bearing quartz from a fissure hosted by Carboniferous
sandstones from a well close to the Mid German Crys-
talline High (Drk 1, Appendix, Table 4). It is notewor-
thy that these inclusions show a H,O-NaCl composition
(Fig. 3) and therefore, quartz precipitation is related to
an earlier fluid migration event. A trend of higher Th
and lower Tm ice was also observed for fluid inclusions
in several chlorite-bearing quartz (I) samples hosted by
Carboniferous sediments from wells in other parts of the
basin (Appendix, Table 4). Schmidt Mumm and Wolf-
gramm (2004) suggest that the migration of H,O-NaCl
dominated fluids is related to the waning stages of the
Permo-Carboniferous magmatic event. Younger quartz
(IT) samples within the same well contain high-salinity
fluid inclusions (Fig. 3) that homogenize between 100
and 125°C.

The homogenization temperatures only represent the
minimum temperatures of entrapment. Since the
homogenization of a two-phase inclusion occurs along
the liquid—vapour curve and than follows the isochore
slope which depends on the physico-chemical character
of the inclusion, there can be a large difference between
the measured Th and the true trapping temperature. On
the other hand, fluid inclusions in quartz and/or car-
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Table 1 Crush-leach and LA-ICP-MS analyses of fluid inclusions hosted by different minerals in fissures from well in the NGB. Anion
and cation data obtained by crush-leach analyses reported in ppb (as analysed); N4 not analysed

Crush-leach

Sample Mineral Stratigraphy F Cl Br Na K Li
Parchim Quartz Upper Carboniferous NA 133329 65 5445 283 7.3
Wardenburg Fluorite Zechstein 1572 19031 7.7 7161 783 130
Uthmdden Fluorite Zechstein NA 41510 242 14223 1902 99
Uthmoden Calcite Zechstein 1700 65882 305 28776 3720 236
Vellahn 24 Calcite Rotliegend 2052 47583 62 16016 1156 40
Eldena 29 Quartz Upper Carboniferous 462 65516 563 27148 2744 204
DRK 66 Quartz Carboniferous 572 7987 38 3839 937 20
SW-4 Calcite Rotliegend 114 6892 1.9 2299 881 53
Vellahn V-19 Calcite Rotliegend 163 8355 1.2 2849 2274 20
Bb 10 Quartz Rotliegend volcanites 373 7832 54 2039 2083 15

Table 2 LA-ICP-MS analyses of individual fluid inclusions in calcite hosted by Rotliegend sandstones directly overlying volcanic rocks
(Schwerin Z1) and 2 generations of quartz hosted by Carboniferous sandstones (Boizenburg 1)

FI# Li7 B11 Na23 Mg25 P31 K39 Ca42 Mn 55 Zn 66 As75 Rb85 Cs 133 Ba 137 Pb 208
S 1/1 791 433 119261 114 <100 17671 NA 1575 631 22 184 73 NA 560
S1/2 1150 314 116763 173 <228 24334 NA 1822 695 <14 229 105 NA 506
S1/3 1121 367 116944 232 <230 23850 NA 1743 840 <16 306 177 NA 560
S 1/4 1274 645 116041 287 <850 26257 NA 3720 916 93 234 95 NA 439
S1/5 3142 793 110125 513 3822 42035 NA 3319 1811 94 488 245 NA 150
S 1/6 834 311 119191 637 <514 17859 NA 1408 554 <34 259 85 NA 581
S1/7 1138 1346 115488 572 <1047 27734 NA 2672 887 <68 307 120 NA 678
S1/8 1368 471 118119 206 <142 20718 NA 1711 685 14 239 116 NA 513
S1/9 1566 605 115825 240 <261 26834 NA 2362 1117 42 330 145 NA 627
S 1/10 1888 573 114390 449 <253 30663 NA 2238 1059 22 280 200 NA 209
S 1/11 1392 735 118455 945 1406 19820 NA 1883 1209 51 259 122 NA 670
S 1/12 1074 349 119689 187 259 16531 NA 2080 596 21 185 86 NA 528
S 1/13 1443 423 117388 267 194 22666 NA 1948 804 20 240 110 NA 478
S 1/14 1275 395 117879 263 <192 21359 NA 1879 933 20 216 104 NA 577
Bzg quartz I-1 10985 289 58518 487 2504 2046 15340 146 281 <46 <10 12 460 71
Bzg quartz I-2 19177 <300 58846 <475 4732 1687  <31775 252 395 118 <31 14 526 77
Bzg quartz I-3 17797 <443 53321 569 5503 1014 <30097 174 353 <140 <30 12 555 81
Bzg quartz II-1 2350 <109 83491 1681 1183 718 63355 917 6464 <50 <11 <3 5044 2257
Bzg quartz 1I-2 2194 456 87791 2112 <2269 704 55466 818 6238 <165 <29 <10 4052 1653
Bzg quartz 1I-3 28809 601 80373 2368 10474 951 69078 677 6933 <159 <41 <10 5010 1743
Bzg quartz 11-4 6431 <238 79647 2379 1957 <545 70409 1200 8470 <117 <24 <10 6649 2116
Bzg quartz I1I-5 13657 141 87575 2319 3927 747 55862 789 6744 <39 21 4 4150 2019

Values following the element indicate the isotope analysed. All concentrations are reported in microgram per gram. For values below the
limit of detection, the limit of detection is given, marked as ““ <value > (calculated as 3 standard deviations of the background divided by

sensitivity). NA not available (signals dominated by host calcite)

bonate cements that precipitated from pore fluids during
diagenesis can record important information about the
thermal gradient at the time of entrapment, if the pore
fluids have achieved thermal equilibrium with the host
rocks. This has been demonstrated by Rieken (1988) for
some Rotliegend boreholes in the Lower Saxony Basin.
The homogenization temperatures of fluid inclusions in
fissure minerals from boreholes in the central basin area
(Fig. 1) show no general trend of increasing temperature
with depth, with respect to present-day burial depth
(Fig. 4). This indicates that the mineral-forming fluids
have not (always?) achieved thermal equilibrium with
the host rocks or, perhaps, that multiple events of fluid
migration and mineral precipitation occurred within the
same drill core at different times. This assumption is also

indicated by the crosscutting relationships of distinct
fissure minerals (i.e. quartz I — carbonate — quartz
II). Multiple fluid migration within the NGB has also
been suggested by, for example, Rieken (1988), Rieken
and Gaupp (1991), Reutel and Liders (1998), Liders
et al. (1999), Wolfgramm (2002), Schmidt Mumm and
Wolfgramm (2004).

Gas inclusions

The occurrence of gas-bearing inclusions is very heter-
ogeneous in the studied samples. In some samples the
frequency of gaseous inclusions exceeds those of aque-
ous inclusions many times, other samples only contain a
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few gaseous inclusions and a high frequency of aqueous
inclusions. In most samples there is evidence of con-
temporaneous trapping of aqueous and gas inclusions as
indicated by the occurrence of both types of inclusions in
same clusters and/or growth zones. Gaseous inclusions
mostly show no visible rim of water and appear mono-
phase at room temperature (Fig. 2a, c, f). They were
observed in samples hosted by all the studied strati-
graphic units (i.e. Carboniferous to Zechstein). Raman
spectroscopic analysis proves that there to be two
compositional types of gaseous inclusions in general: (1)
CHy-rich gas inclusions with variable amounts of CO,
or N, with CHy4 content >75 mol%, and (2) N,-rich
inclusions with variable CH4 content but < 40 mol%
(Fig. 5).

H,S-rich inclusions with variable H,S content (18—
76 mol%) that are reported from calcite and fluorite
hosted by Zechstein carbonates from the Lower Saxony
Basin (Fig. 1) were not observed in the studied samples.
The origin of H,S in inclusions from the Lower Saxony

Basin is related to partial thermochemical sulfate reduc-
tion within the Zechstein evaporites (Reutel et al. 1995).

The occurrence of CHy-rich inclusions in the studied
samples is commonly restricted to minerals hosted by
Carboniferous rocks or, in one case, to fissure minerals
hosted by Lower Zechstein shales (Kupferschiefer).
N,-rich inclusions occur in minerals hosted by Permian
volcanic rocks and sandstones as well as in Zechstein
carbonates, mudstones or within Zechstein anhydrite
(A1).

During freezing and re-heating runs CHy-rich inclu-
sions commonly show melting of a solid phase (CO,) in
the temperature range between —110 and —64°C fol-
lowed by V — L homogenization of CH4 in the tem-
perature range between —90 and —53°C (Appendix,
Table 4). In contrast, most of the Nj-rich inclusions
commonly hosted in fluorite or quartz homogenize into
the vapour phase indicating high molar volumes of the
trapped gases (Thiéry et al. 1994). Only Nj-rich inclu-
sions in quartz hosted by a magmatic dyke within the
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Fig. 5 Raman composition of
gaseous inclusions in samples
from investigated wells.
Carboniferous (black),
Rotliegend (grey), Zechstein
(white)

Altmark
gas field
/
Table 3 Fixed nitrogen content
and 815N isotopic composition ~ Locality Sample no Rock type NH4-N (ppm) 8" Nix [%0)
of Permian volcanic rocks from
quarries in the Flechtingen Bodendorf FHI1 Andesitoid 45 12.3
Block FH4a Andesitoid 116 6.2
FH4b Andesitoid Altered 39 8.1
Eiche FHS8 Andesitoid Altered 29 7.6
FHI10 Andesitoid Altered 35 9.4
Flechtingen FH12 Ignimbrite 108 13.5
FH13 Ignimbrite 88 13.3
FH14 Ignimbrite 76 12.9
FH15 Ignimbrite 102 14.4
FH16 Ignimbrite 23 15.4

Schleswig Z1 well (Schl Z1 in Fig. 1) show V —> L
homogenization in the temperature range between
—148.6 and —146.5°C. Here, N,—CHjy-bearing inclusions
are co-genetically trapped in a small quartz vein within a
magmatic dike that penetrates Carboniferous shales. N»-
bearing inclusions were also found in a calcite vein
hosted by lowermost Rotliegend sandstones from the
Schwerin 1 well in the central basin (S I in Fig. 1). These
inclusions contain several daughter crystals of salts and
a vapour phase (Fig. 2d) which contain considerable
amounts of N, as indicated by Raman spectroscopy
(Fig. 5). The homogenization temperatures of these
inclusions are between 205 and 232°C (Table. 1, 2). The
liquid phase has high Na, K, Li. Cs, B, Rb and metal
content (Table. 1, 2) which may be indicative of inten-
sive interaction of the saline brines with volcanic rocks.
It cannot be excluded that N, content in the described
inclusions is derived by thermal overprint of Carbonif-
erous shales (Schleswig Z1) or alteration of underlying
volcanic rocks (Schwerin 1).

Crush-leach and LA-ICP-MS analysis

The halogen content of the fluid inclusions can be used
to discriminate between different fluids and provide
information on their origin. The Cl and Br content of
fluids are not affected by water-rock interactions
(WRIs) except where the dissolution or precipitation of
evaporites (halite, sylvite, etc.) are involved. However,
the involvement of Cl evaporites is unambiguous and
can easily be determined using halogen ratios. Evapo-
ration of seawater to halite saturation does not change
the Cl/Br(m) ratio of ¢. 655, during halite precipitation
the ratio in the fluid decreases to c¢. 240 at the point
where halite ceases to precipitate. Further evaporation
leads to even more Br-rich fluids. Dissolution of halite
can produce a large range in Cl/Br(m) ratios from
¢. 20,000 to 5,000 as the Br content of the halite increases
from around 65 ppm for the initial halite to ca. 300 ppm
at the end of halite precipitation (Fontes and Matray
1993).



The fluids in this study fall into two distinct groups
(Fig. 6) with the majority having CI-Br ratios less than
that of seawater, and lying on or close to the region where
halite precipitates from evaporating seawater. The other
group has a large range of CI-Br ratios from ca. 2,000 to
16,000 that can only result from halite dissolution. The
different samples all lie on the same line, indicating
mixing of two fluids in different proportions. However, it
is clear that the high Cl-fluid, although representing ha-
lite dissolution, does not come close to intersecting halite
on either Fig. 6 or 7. In the former the fluid inclusions all
plot well to the left of the line for halite dissolution and
indicate loss of Na due to WRI. Similarly in Fig. 7, the
fluid inclusions plot on a vertical line that intersects the
more evolved Br-rich fluid and does not go towards ha-
lite. The variation in Cl/Br with constant Na/Cl is con-
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sistent with mixing of the Br-rich fluids with a halite
dissolution brine that has undergone extensive WRI and
exchange of Na for other cations. For example, this could
be Ca if interaction with plagioclase is involved (Davis-
son and Criss 1996) or K if albitisation of K-feldspar has
taken place (Banks et al. 2002). The more evolved brines
also show evidence of loss of Na by WRI as in both the
above figures some of the fluid inclusions plot to the left
of the seawater evaporation line. The magnitude of Na
loss is much greater in the halite-derived end-member
fluid than in the Br-rich brines as shown by the signifi-
cantly lower Na—-Br and Na—ClI ratios than those ex-
pected for mixing a halite dissolution brine and one from
evaporated seawater from which halite had precipitated.

The extent of WRI and Na-K alteration is more
clearly seen in Fig. 8. Some of the Br-rich fluids are on

Fig. 6 Na/Br and Cl/Br molar 20000
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or close to the seawater evaporation line and, although
they exhibit different Na—K ratios, the values are con-
sistent with their degree of evaporation as defined by
their Cl-Br ratios. Others are further to the left
reflecting a significant degree of alteration. The fluid
inclusions with the variable amounts of the halite dis-
solution fluid should have increasing Na—K ratios as
the CI-Br ratio increases, i.e. more of the halite-derived
fluid. In fact they show the opposite with decreasing
Na-K ratios as the CI-Br ratio increases. This is ac-
counted for by the halite dissolution fluid having
undergone extensive WRI, losing significant Na and
resulting in the end-member fluid having a Na—K ratio
of ¢. 1-2. Mixing with the other, Br-rich end-member
fluid with Na—K ratio of ¢. 25 would produce the ob-
served decrease of Na—K with increasing Cl-Br. The
vertical mixing line in Fig. 7 at a Na—Cl ratio of ¢. 0.5
instead of higher ratios, that would be determined by
the degree of mixing along a line that goes towards
halite where the Na/Cl ratio is 1.0, shows that
approximately 50% of the expected Na has been lost
from the halite end-member fluid.

The WRI has not resulted in a fluid that is in equi-
librium with sedimentary and/or crystalline rocks it
interacted with. Using the Na-K and Na-Li geother-
mometers of Verma and Santoyo (1997) and the fluid
analyses Fig. 9, it can be seen that the two geother-
mometers give not only widely differing temperatures,
but temperatures that are unrealistically high. The
majority of fluids have Na-Li ratios that give tempera-
tures of between 400 and 500°C and Na/K ratios that
give temperatures from 500 to 200°C. However, the
majority of the fluids have essentially the same Na/Li
ratio of ¢. 50 which represents a substantial increase
from the Na/Li of Br-rich brines, whose maximum Na/
Li is ca. 6,500 and of halite ca. 55,000 (Fontes and
Matray 1993). The major repository for Li is in micas
and such a major increase in the fluid concentration of

high-salinity brines must indicate significant destruction
of these minerals by WRI.

LA-ICP-MS analyses have been performed on indi-
vidual fluid inclusions hosted in calcite and two gener-
ations of quartz (Table. 1, 2). The analysed calcite
sample originates from the Schwerin 1 well (Fig. 1) and
is hosted by Rotliegend sandstone directly overlying
volcanic rocks at a depth of 7,256.9 m. The trapped
inclusions in this sample show multiple daughter crystals
as well as nitrogen content in the vapour bubble
(Fig. 2d, e). The fluid is characterized by elevated B, K,
Cs and Rb content when compared with quartz-hosted
inclusions from Upper Carboniferous strata (Table. 1,
2). An intriguing explanation for this unusual compo-
sition might be intensive WRI by brines with the
underlying volcanic rocks. It cannot be excluded that the
rocks nitrogen detected in the vapour bubble was de-
rived from alteration of ammonia-bearing mica or
feldspars in the volcanic rocks. However, it is notewor-
thy that the analysed inclusions are unique because other
calcites from the same drill core contain inclusions that
do not have any detectable nitrogen in their vapour
bubbles and do not contain abundant daughter crystals.

Fluid inclusions in two generations of quartz (quartz
I and II) hosted by Upper Carboniferous sandstones
from the Boizenburg drill core show a distinctly different
chemical composition (Table. 1, 2). Quartz I, which is
associated with chlorite, hosts inclusions that have high
Li and Na concentrations and considerable amounts of
K and traces of Cs. In contrast, fluid inclusions in quartz
II, that crosscuts quartz I, has higher Na, Ca and Mg
concentrations. Furthermore, the inclusions also contain
significantly higher concentrations of Ba, Pb, Zn and
Mn, but lower K when compared with inclusions in the
older quartz (Table. 1, 2). This shows that during basin
evolution, progressive alteration of deeply buried sedi-
mentary rocks by saline fluids must have occurred. The
high Ba and metal concentrations probably indicate

Fig. 8 Na/K and Cl/Br ratios 20000
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Fig. 9 Na/K and Na/Li molar 300
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WRI between the brines and shales that are normally
enriched in these elements.

Sulfur isotopes of anhydrite

The sulfur isotopic composition has been measured in 31
samples of anhydrite from fissure mineralization. The
33S values are highly variable and are either negative or
positive (Fig. 10). Also, the 3**S values of anhydrite
samples from the same well can be very heterogeneous.
For example, the most negative value (—20.69 9%, was
obtained for an anhydrite sample from a fissure hosted by
Lower Carboniferous shales from the Schleswig Z1 drill
core. Two other samples from the drill core have consid-
erably different ** S values (+4.35%, and + 16.03%,) and
either suggest different sources for sulfate or that anhy-
drite precipitated under quite different physico-chemical
conditions; i.e. changes in pH and oxygen fugacity

(Ohmoto 1972). Although changes in fO, and pH can
cause large variations in sulfur isotopic composition
(Ohmoto and Lasaga 1982) it is very unlikely that anhy-
drite formation resulted from a uniform fluid source
within a huge basin because fluid inclusions in anhydrite
show very heterogeneous ranges for Th and Tm;, values
(Appendix, Table 4). Therefore, the observed variations
in the sulfur isotopic compositions of the fissure anhy-
drites more likely indicate different sources of sulfate. The
large negative 6°*S values of some anhydrite samples can
be derived through oxidation and re-deposition of bio-
genic sulfide sulfur. In this respect, one source of sulfur
can be assumed to be sedimentary sulfides. Positive 5**S
values between + 16 and +23.7%, indicate an origin of
sulfate from (Pre-Permian or Triassic) formation waters.
A pristine Zechstein origin can be excluded due to the
lower 5°*S values (+10 to+13%,) of Zechstein ocean
water or evaporites (Nielsen 1979). For a Zechstein origin
of the sulfate, the heavier 8°* S values can only be ex-

Fig. 10 Sulfur isotopic
composition of anhydrites from
fissures in different stratigraphic
units. Most of the samples plot
left from the paleo seawater

5*S seawater

line, indicating that the Triassic
anhydrites did not gain their

sulfur content purely from Zechstein
formation waters (for details see

text) Rotliegend

U’CarboniferousQ O

L'Carbonif. ©
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plained by fractionation processes such as partial sulfate
reduction. The 5**S values between —2 and + 89, suggest
mixing of SO, dominant formation waters with variable
amounts of dissolved biogenic sulfide. On the other hand,
3% S between 0 and + 3%, may also be derived by alter-
ation of igneous sulfide.

Discussion
Fluid evolution

Studies of fluid inclusions in minerals hosted by Car-
boniferous and Permian rocks have revealed a complex
fluid evolution and evidence for multiple stages of fluid
and gas migration in the NGB. The chemical analyses of
high-salinity fluid inclusions showed that at least two
distinct fluid types that have mixed in variable propor-
tions. The majority of the fluid inclusions represent
seawater that has evaporated past halite saturation and
has undergone WRI losing Na and gaining K as well as
other cations. The degree of Na loss of this end-member
fluid was not large and some fluids show little evidence
of it. The other group of fluid inclusions contain fluids
with CI/Br ratios that are substantially greater than that
of seawater, which can only come from dissolution of
halite. Different samples have different CI/Br ratios that
indicate mixing of the evaporated brine and the halite
dissolution fluid in different proportions. The mixing
trends show that this end-member fluid does not have
the composition expected if pure halite were dissolved.
Prior to mixing of the two fluids, the halite dissolution
fluid lost approximately 50% of its Na and gained K to
produce a fluid with a Na/K ratio of ca.l, and it is this
fluid that mixed with the evaporative brine. However,
the fluids appear not to have equilibrated with the sed-
imentary and/or crystalline rocks they interacted with.
Aqueous fluid inclusions in at least two quartz gen-
erations hosted by Carboniferous sediments are com-
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monly associated with CH4;—CO, inclusions and
developed from an H,O-NaCl fluid in quartz I through
a H,O-NaCl-CaCl, composition in quartz II as indi-
cated by LA-ICP-MS analyses (Table. 1, 2). In general,
the Th values of fluid inclusions in early quartz range
between 150 and 230°C, whereas in younger quartz they
do not exceed 200°C and the CO, content in co-geneti-
cally trapped gaseous inclusions increases. Fluid inclu-
sion petrography has shown compelling evidence for
co-genetic entrapment of aqueous and gaseous inclu-
sions in fissure minerals from wells in the NGB and
therefore, P-T conditions during fluid entrapment via
isochoric P-T projections can be reconstructed
(Fig. 11). From the isochoric P-T sections it turns out
that trapping of aqueous and CH4,CO; inclusions
occurred at pressures between 600 and 1,500 bar.

For individual wells in the central basin area where at
least two generations of quartz can be distinguished, due
to the crosscutting relationships of fissures and/or min-
eral assemblages, the pressure conditions of inclusion
entrapment are heterogeneous for quartz I and quartz
II. For example, a sample from the Boizenburg drill
core, which penetrated into a Carboniferous trough,
exhibits two generations of quartz (quartz I and II) at
6,940 m depth. Fluid inclusions in quartz I were trapped
under a pressure regime of about of about 800 bar,
whereas fluid inclusions in quartz IT yield higher pres-
sures of about 1,200— 1,500 bar (Fig. 12), indicating that
within this well at least two events of fluid and gas
migration are recorded. Due to the considerable differ-
ence in pressure it seems plausible that the migration of
fluids and gas are related to different stages of basin
evolution and thus, occurred at different times. Under a
hydrostatic pressure regime quartz I would have pre-
cipitated at about 8 km depth and quartz II between 12
and 14-km depth, which appears unrealistic because this
would require erosion after entrapment of at least 7 km.
Considering the lithostatic pressure conditions during
fluid entrapment, quartz I would have precipitated at a

Fig. 11 P-T diagram showing
trapping conditions of primary
co-genetic aqueous (a) and ]
CH4/C02 (b) and Nz/CH4
(¢) inclusions from selected
samples via isochore
construction. Isochores were
calculated with the MacFlinCor =
computer programme (Brown
and Hagemann 1994). P-T
conditions of entrapment are
shown as shaded areas.
Carboniferous (black),
Rotliegend (grey), Zechstein
(white). Hatched fields show
P-T trapping conditions of
co-genetic aqueous and
CHy-rich gas inclusions in
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Fig. 12 Isochoric sections of
aqueous and gaseous inclusions
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depth of about 3.3 km, whereas quartz II would have
precipitated between 5 and 5.7-km depth. In first sce-
nario, the homogenization temperatures of primary
aqueous fluid inclusions in quartz I point to an enhanced
heat flow during fluid migration and entrapment, con-
sidering a geothermal gradient of about 30°C/km for the
host rocks. Transferring the estimated depths of quartz
crystallization to the burial curves of the Boizenburg
well (Fig. 12) it appears that the precipitation of quartz [
was probably related to a late stage of increased subsi-
dence and indicates an early CH4~CO, migration in
Upper Permian times.

During the Lower Triassic pressure conditions
changed from predominantly lithostatic to predomi-
nantly hydrostatic resulting in the deposition of quartz I.

Quartz IT precipitated under nearly lithostatic con-
ditions at a depth > 5-5.7 km. Therefore, it seems very
likely that the migration of gas and fluids and the pre-
cipitation of quartz II can be related to the final stage of
subsidence (Fig. 12).

The age relationships of fissure minerals hosted by
Carboniferous sediments within the other studied wells,
including those in the area of the Altmark gas field, are not
as well constrained as in the Boizenburg borehole de-
scribed above. Nevertheless, the isochoric sections of
aqueous and gaseous inclusions (Fig. 11) always reveal
pressure conditions higher than hydrostatic for fluid
entrapment of CH4—~CO, and aqueous fluids in accor-
dance with sample depth and burial curves under en-
hanced heat-flow conditions. These findings are similar to
those reported for samples from wells within a NW-
NNW/SE-SSE striking lineament structure in the Lower
Saxony Basin (Fig. 1), where gas is produced from frac-
tured Carboniferous reservoirs. Here, Carboniferous
sandstones were uplifted due to the Cretaceous inversion
by some hundreds of meters in wrench structures (Reutel
et al. 1995).

In contrast, isochoric sections of highly saline H,O—
NaCl-CaCl, inclusions and co-genetically trapped N»—
CH, gas mixtures reveal completely different trapping
conditions for most of the N,-rich inclusions. In the
eastern part of the NGB, these fluid inclusion assem-
blages in fissure minerals, hosted by Permian rocks or
evaporites were trapped under a low-pressure regime of

about 200—400 bar (Fig. 11). The observed phase tran-
sition, i.e. L — V homogenization, point to high molar
volumes of the trapped gas mixtures and suggest (nearly)
hydrostatic trapping conditions which can probably be
related to the main stages of basin uplift (Jurassic/Cre-
taceous, Lower/Upper Cretaceous, Cretaceous/Tertiary
boundaries). Thus, it seems very likely that the forma-
tion of gas reservoirs with high nitrogen contents was
related to these stages of basin evolution.

Origin of nitrogen

The origin of nitrogen in gas reservoirs in the eastern
part of the NGB is controversial (for references see
Mingram et al. 2005). Chemical analysis of individual
fluid inclusions hosted in a fissure calcite sample from
the Schwerin 1 borehole (Table. 1, 2) proves that there
to be a strong evidence for local interactions of saline
brines with Permian volcanic rocks and a probable re-
lease of nitrogen from feldspar and/or mica. The thick-
ness of the volcanic rocks in the study area often exceeds
more than 1,000 m. Since the analysed N,-bearing fluid
inclusions in calcite from the Schwerin 1 borehole are
absolutely unique, it seems unlikely that volcanic rocks
are the main source for nitrogen in gas reservoirs of the
study area. This is also indicated by the low nitrogen
content in the Permain volcanic rocks which does not
exceed 120 ppm (Table 3). Furthermore, even extremely
altered samples do not show any significant decrease in
nitrogen content. Therefore, a different source for the
high nitrogen content in gas reservoirs in the eastern
part of the NGB has to be considered. A sedimentary
nitrogen source, i.e. shales and/or coals has been fa-
voured in a number of previous studies (e.g. Everlien
1990; Scholten 1991; Krooss et al. 1995; Littke at el.
1995; Gerling et al. 1998; Mingram et al. 2003).
Assuming a sedimentary source for nitrogen, mainly
Core-rich shales with high nitrogen content can be taken
into consideration because coals are less frequent in the
central basin or, when present, they are of minor thick-
ness. The release of nitrogen in the form of NH3 and/or N,
(depending on the oxygen fugacity of the rock) can be
triggered by a thermal event (i.e. catagenesis, magmatic
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intrusion) and/or by hydrothermal processes. Although
nitrogen release under upper-diagenetic conditions can-
not be excluded, Mingram et al. 2005 (this issue) have
shown, for example, the potential for ammonium fixation
in Namurian shales increases with increasing thermal
maturity up to low-metamorphic conditions. On the other
hand, strongly altered samples from a drill core from the
central part of the NGB show a significant decrease of
ammonium down to 500 ppm coupled with a shift in '° N
from + 3 up to + 6 9, which suggests a release of nitrogen
ona large scale (Mingram et al. 2005). WRI of brines with
shales is also indicated by the sulfur isotopic composition
of anhydrites in fissures hosted by Namurian shales. The
anhydrites have 8** S values between +3.31and +5.61%,
and suggest mixing of SO,*~-dominant formation waters
with variable amounts of dissolved biogenic sulfide de-
rived from the shales. Intensive WRI of brines with shales
would also account for the high metal content in fluid
inclusions hosted in quartz II (Table. 1, 2). Therefore, an
origin and release of nitrogen from C,,,-rich shales due to
WRI with saline brines is supported by fluid inclusion and
stable isotope constraints.

Conclusions

Fluid inclusion studies have revealed a complex evolution
of migrating fluids in the NGB. The fluid systems devel-
oped from H,O-NaCl type during early stages of basin
subsidence to H,O-NaCl-CaCl, type during further
burial. These fluids altered sedimentary strata progres-
sively with time. Locally, fluid inclusions show evidence
for strong WRI with Permian volcanic or sedimentary
rocks as indicated by elevated B, K, Cs, Rb and metal
contents in the trapped liquids. Fluid migration was
accompanied by the migration of gases. The migration of
CHj-rich gases within the Carboniferous can be related to
the main and final stages of basin subsidence. In the
eastern part of the basin, gaseous inclusions in fissure
minerals hosted by Permian sandstones and carbonates
are generally characterized by variable N,-CH,4 compo-
sitions but contain no CO,. These gas mixtures were
trapped at considerably lower P—T conditions than CHy-
rich inclusions within Carboniferous lithologies. There-
fore, the entrapment of N,—CHy inclusions seems very
likely to be related to phases of tectonic uplift. The source
of nitrogen is assumed to be intensive WRI of highly saline
brines with Carboniferous or even older shales.
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Appendix

Table 4 Fluid inclusion microthermometric data
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